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 This thesis describes the synthesis and properties of free-standing nanoporous silica 
colloidal membranes where the molecular transport is controlled on the basis of size, charge, and 
chiral selectivity.  To achieve this, free-standing membranes were prepared from colloidal 
solutions of silica nanospheres and the nanopore size and surface functionality were varied. 
 First, Au-coated membranes were prepared and the transport of neutral and charged small 
molecules through Au-coated silica colloidal membranes modified with poly(methacrylic acid) 
was studied.  Polymer length was controlled by polymerization time to produce pH- and ion-
responsive brushes inside the nanopores.  By monitoring the flux of a diffusing species, it was 
demonstrated that the polyelectrolyte brush undergoes swelling and collapse when the pH is 
increased and decreased, respectively.  We also observed an expansion and contraction in the 
absence and presence of counterions (e.g., Na+(aq) and cationic dye Rhodamine B), respectively.   
 We studied the transport of enantiomers of a chiral dye molecule through silica colloidal 
membranes with attached chiral moieties.  We used small molecules and polymers of amino acid 
derivatives and chiral calixarenes capable of chiral recognition as a result of stereochemically 
dependent noncovalent interactions with the diffusing molecule.  We found that the selectivity 
remains approximately the same for membranes modified with small molecules and with 
polymers.  This suggests that enantiopermselectivity depends primarily on the strength of 
noncovalent interactions rather than the availability of recognition sites.   
 Next, the transport of various generations of dendrimers through silica colloidal 
membranes was studied in a proof-of-concept experiment to demonstrate the size-selectivity of 
iv 
 
our materials.  Smaller dendrimers were found to diffuse faster and selectivity is improved by 
using smaller nanopores.   
Finally, the transport of proteins through silica colloidal membranes was studied as a 
function of nanopore size and surface functionality.  Poly(ethylene glycol) chains were attached 
inside the nanopores to minimize nonspecific protein adsorption.  The membranes exhibit size-
selectivity where smaller proteins generally diffused faster.  From the results of this preliminary 
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Background and Significance 
  The transport of molecules, ions and particles across a semi-permeable barrier is a 
fascinating and important subject.  The best examples of such transport include the complex 
processes by which living systems regulate the traffic of substances in and out of the cells.  The 
desire and need to understand the underlying principles and mechanisms of such remarkably 
efficient, selective and specific transport contribute to a rapidly growing area of research on 
nanoporous membranes.  Knowledge gained from fundamental studies of transport through 
nanochannels1 is invaluable for the development of membranes for highly specialized and diverse 
applications such as separations for the isolation and purification of biomolecules2 and other 
molecules of industrial and commercial interest (pharmaceutical molecules,3  agrochemicals, 
food and perfume additives4), systems for delivery5 and controlled release of drugs,6 sensing of 
chemicals and biomarkers7 and platforms for bionanoreactors8 and catalysis.9   
The transport properties of the nanoporous membranes that are described in this thesis 
have been studied for the purpose of evaluating their potential for separations.  The use of 
membranes for separations offers several advantages over traditional separation methods such as 
chromatography, the most important of which are the ability to separate larger amounts of 
material and the continuous mode of operation (as opposed to batch processing).  Furthermore, 
while chromatography can yield compounds with excellent purities, it does so at the cost of 
solvent, energy and labor. 
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 The usefulness of membranes for separations stems from the ability to control the 
transport on the molecular scale using one or combinations of the following methods: (1) size 
selection of the permeating species, (2) charge selection of the species via electrostatic 
interactions, or (3) molecular recognition or enhancement of the transport of a preferred species 
as a result of favorable noncovalent interactions with the nanopore surface (Figure 1.1).  While 
size-selectivity can be achieved with a straightforward manipulation of the pore size, the other 
two methods depend on interactions between the nanopore and diffusing species and thus usually 
require chemical modification of the nanopore surface with an appropriate functional group.   
 The wide variety of available membrane materials contributes to the tunability of the 
transport properties and operational parameters such as stability and longevity.10  Membranes 
have been prepared from ion beam-etched silicon nitride,11 track-etched polymers,12 anodic-
oxidized aluminum,13 support- and/or matrix-embedded nanotubes,14 zeolites15 and self- or 
template-directed assembly of colloidal crystals.16  However, challenges remain with the use of 
many of the above materials, particularly low transport rates due to low porosity and the lack of 
accurate control over the pore size.  In addition, most of the above fabrication methods are 
disadvantageous in that they can be labor-intensive and technologically demanding.  For these 
reasons, our strategy is to use self-assembled silica colloidal crystals characterized by high 
molecular flux through uniform nanopores whose surfaces are easily modified via well-known 
siloxane chemistry.17  Free-standing silica colloidal membranes (nanofrits) that are investigated 
in this thesis conform to the requirements for practical membranes such as good mechanical 
strength, high surface area, low mass transfer resistance, high selectivity and versatile surface 












Figure 1.1.  Three methods used to promote selectivity through porous membranes include: 
(Top) sterics, (Middle) molecular recognition and (Bottom) electrostatics. 
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Selectivity in Nanoporous Membranes 
Size-selective separations techniques 
Although popular separation techniques such as size-exclusion chromatography (SEC), 
size-selective precipitation, gel electrophoresis and (ultra)centrifugation have demonstrated 
excellent size-based resolutions, these methods are usually time-consuming or energy-intensive.19  
Filtration and porous membrane-based processes allow rapid separation based on a size-exclusion 
mechanism where species larger than the nanopore diameter cannot pass through the membrane. 
 Size-selective separations are relevant for macromolecules such as biomolecules.  El-
Safty and coworkers used anodic alumina membranes (AAM) rather than nanoporous polymers 
membranes that typically suffer from heterogeneity of pore diameters and structures.  To vary the 
pore size, they modified the AAM pores with mesocylinder silica arrays20 and silica nanotubes 
containing cubic mesoporous cages21 ( ∼5 nm pore entrance) and applied the resultant composites 
to the separation of mixtures of proteins (e.g., β-lactoglobulin, insulin, lysozyme).  In a similar 
work, Zhang et al. fabricated mesoporous silica-coated carbon nanotubes (CNTs) using a 
surfactant-templated approach where the pore sizes of the silica coating were controlled by the 
concentration of CTAB.22  A pore size of 2.72 nm was found to be effective and highly selective 
for the isolation of cytochrome c (12 kDa) from a mixture containing other larger proteins such as 
bovine serum albumin (69 kDa) and lysozyme (14 kDa).  Roy and coworkers reported on protein 
separations using nanochannel titania membranes which had the advantage of declogging by 
degradation of adsorbed proteins upon UV illumination due to the photocatalytic activity of the 
membrane material.23  Track-etched polycarbonate membranes with 50 nm pore size were shown 
to exhibit selectivities for the recovery of smaller ssDNA (10 vs. 80 bases).24  Alternatively, well-
defined nanoporous membranes with tunable nanopore sizes can also be prepared using click 
chemistry.  Polysulfone membranes with surface azide groups were successfully grafted with 
propargyl poly(ethylene glycol)s (PEGs) via a Cu(I)-catalyzed azide-alkyne cycloaddition 
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(CuAAC).25  The use of longer PEG chains led to narrower pore sizes for potential molecular 
sieving.  
 Larger pores are required for the separation of nanoparticles, whose importance lies in the 
need for chemical purity and size monodispersity in metal and semiconductor nanoparticles since 
these factors determine their optical, electronic and chemical properties.26 Amphiphilic block 
copolymers have been reported to provide ordered membranes with pore sizes on the micron 
scale (3 μm) and were demonstrated to efficiently separate 2 μm from 5 μm polystyrene 
spheres.27  Another example highlighted the filtration of 2 nm Au nanoparticles from a 
polydisperse mixture using self-assembled supramolecular membranes with a 5 nm-cutoff.26   
 
Electrostatically controlled separations 
Charge-selective separations result from either attractive or repulsive electrostatic 
interactions between the charged surfaces of a nanopore and the diffusing species.  In the former 
case, electrostatic attraction could facilitate the transport of an oppositely charged species through 
the nanopore; in the latter, electrostatic repulsion could lead to hindered or blocked transport of a 
like charged species through the membrane.  Such systems are typically pH- and ion-responsive 
as a result of the presence of ionizable groups on the nanopore surfaces.28  Alumina and silica 
membranes possess inherently charged surfaces due to the weak acidity of aluminols (4 < pKa < 
5)29  and silanols (6 < pKa < 8) to give Al-O- and Si-O- upon immersion in water.  Nanopore 
modifications with basic small molecules or weak cationic polyelectrolyte brushes give 
membranes that are protonated under acidic conditions with the effect of preferential transport of 
anions over cations (Figure 1.1).  Upon deprotonation at higher pH, the nanopores become neutral 
and transport selectivity may be reversed depending on the availability of lone pairs of electrons 
on the surface-bound moieties for interaction with diffusing positively-charged species.  
Conversely, membrane modifications with acidic small molecules or weak anionic 
polyelectrolyte brushes create uncharged pores at low pH values.  Dissociation of the acid 
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moieties under basic conditions switches the transport selectivity for cations over anions due to 
favorable electrostatic attractions. 
 Saxena et al. prepared both negatively charged (bearing sulfonic acid groups) and 
positively charged (bearing quaternized pyridinium groups) organic-inorganic hybrid membranes 
based on poly(vinyl alcohol)/silica systems for the isoelectric separation of proteins using 
pressures and electric gradients as coupled driving forces.30  Isoelectric focusing was achieved by 
changing the mixture’s pH.  In an earlier study, Garem et al. applied cationic organic-inorganic 
nanofiltration membranes (polyethyleneimene-coated zirconium oxide on microporous carbon 
support) to the separation of amino acids, which were positively-, negatively-charged or 
zwitterionic at a given pH.31  Charge-selective transport across polyelectrolyte multilayer 
membranes (e.g., poly(diallyl dimethylammonium chloride/poly(sodium styrenesulfonate)32 of 
sub-nm pore sizes have also been reported for the separation of charged aromatic compounds 
(e.g., benzene and naphthalene sulfonates).  Other examples of multilayer polyelectrolyte 
membranes obtained by alternating deposition of oppositely charged polyelectrolytes on porous 
supports have demonstrated enhanced anion transport selectivity (Cl-/SO42- ∼ 610) as a result of 
Donnan rejection of the divalent anion.33 
 
Molecular recognition-based separations 
Molecular recognition for the separation of analytes takes advantage of differences in 
noncovalent interactions such as H-bonding, dipole-dipole, π - π stacking, CH - π and van der 
Waals forces between a membrane-bound selector and the diffusing species.  One of the most 
widely studied applications is the enantioselective resolution of racemic mixtures.  According to 
the Pirkle theory of chiral recognition,34 stereoselective recognition requires a minimum of three 
simultaneous interactions between a bound chiral moiety and one of the enantiomers, where one 
of the interactions is stereochemically dependent (Figure 1.2). As selectand analytes approach the  
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chiral selector, one enantiomer is capable of three interactions while the other is only capable of 
two.  Alternatively, separation in chiral membranes may be achieved by the preferential inclusion 
of one enantiomer over the other into a cavity within the polymer or porous material.35  Cavity-
guest interactions may arise from the installment of macromolecules such as crown ethers, 
cyclodextrans and calixarenes onto the nanopore surfaces.  As a result of the stereochemistry, one 
enantiomer may be sterically hindered from accessing the cavity or may have different interaction 
energy within.  A related concept of shape-dependent recognition is the technique of molecular 
imprinting.  Such membranes are prepared in the presence of a chiral molecule that acts as a 
template.  Removal of the imprint molecule (e.g., by calcination) leaves behind binding sites 
whose size, shape and preferential noncovalent interactions are complementary to the template.36  
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For example, self-standing membranes from novel polyureas were converted into molecular 
recognition materials with the incorporation of a chiral amino acid template molecule during the 
synthesis and preparation.37   
As with chiral separations, molecularly imprinted polymers (MIP) have also been 
employed for protein specific recognition.  Chen et al. reported the templating of bovine 
hemoglobin into polymer-coated Si nanowires for the rapid separation of the same protein.38  
These three methods create specific and efficient binding sites for the target enantiomer, allowing 
it to be distinguished from the other.39 
Other than chiral recognition, biomimetic affinity binding represents another specific 
segment of the broader field of molecular recognition.  Host-guest/substrate bioaffinity principles 
make for dedicated selectivities for proteins, peptides and glycans.  Immobilization of “smart” 
ssDNA/RNA such as aptamers on graphene oxide nanosheets have been shown to specifically 
recognize and adsorb peptide toxins.40  Aptamers are rapidly gaining popularity due to better or 
comparably high binding affinity, specificity and stability compared to antibodies and enzymes. 
 
Diffusion through Nanoporous Membranes 
The manner in which materials move across the membrane differs according to its type.  
Dense membranes are designed such that different molecules will dissolve into and move through 
it at different rates as measured by the solutes’ permeability.41  Permeability is the product of a 
molecule’s solubility into and diffusivity (or diffusion coefficient) through the membrane 
material.10  On the other hand, porous membranes are designed to contain pores that are ideally of 
similar size to the molecule of interest.  The nanopores must be of uniform size and shape and 
must be continuous across the membrane to achieve a sieving effect. 
For experiments in this thesis, the nanofrits separate two compartments, with one 
containing a solution of a probe molecule and the other a reservoir containing a pure solvent.  
Diffusion, defined as the spontaneous movement of molecules from areas of higher chemical 
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potential to areas of lower chemical potential, occurs as a result of differences in concentration 
across the membrane.42  Flux J, defined as mass transfer per unit area of the membrane per unit 







dDJ φ-        (1.1) 
 
where φ is the chemical potential as a function of position x and D is the diffusion coefficient of a 
species of interest.  For nanoporous materials, and assuming ideal behavior of solutions, the 
above equation is transformed into: 
 
)C - (C    ba×= L
DJ      (1.2) 
 
where Ca and Cb are the concentrations in the feed and reservoir compartments, respectively, 
separated by a membrane of thickness L.  In the diffusion experiments performed in this thesis, 




J   C  ×Δ=       (1.3) 
 
where ΔC is the concentration gradient across the membrane, or simply the concentration of the 
solute in the feed solution.  Equation 1.3 is the basic flux equation and is readily applied to 
cylindrical nanochannels after consideration of the void fraction ε corresponding to the ratio of 
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the volume taken up by the void space (i.e. nanochannel volume) to the total volume of the 
membrane. 
 Because the nanofrits employed in this thesis are prepared from silica colloidal crystals, 
the nanopores are not cylindrical and additional geometric characteristics have to be taken into 
account.  As a result of the packing arrangement of silica nanospheres, the path that diffusing 
molecules must take through the membrane is extended by a factor called tortuosity τ that 
describes the nonlinearity of the pores (Figure 1.3).  Both ε and τ are intrinsic properties of the 
colloidal crystal and have values of 0.26 and ca. 3, respectively.43  Thus, molecular flux through a 
silica colloidal membrane can be expressed as Equation 1.4: 
 





     (1.4) 
 
where Dsol is the diffusion coefficient of the solute in free solution.  Equation 1.4 highlights one 
of the attractive features of using silica colloidal crystals, namely, the diffusivity remains high 
and is only an order of magnitude lower than in free solution (ε/τ ∼ 0.1) regardless of the 
nanopore size.  Another advantage is that the tortuosity allows diffusing molecules to interact 
with nanopore surface functionalities more effectively, which can boost the transport selectivity 
compared to nanochannels of linear geometry. 
 To study the transport properties of our nanofrits, UV/Vis spectroscopy is utilized in this 
thesis.  Flux is monitored as changes in the absorbance (A) measurements of the receiving 




Figure 1.3.  Schematic demonstrating how the geometric packing of silica spheres creates 





bC A a=       (1.5) 
 
where a is the absorptivity of a species of concentration C interacting with incident light in a path 
length b.  Thus, a plot of A vs. time t will have a slope (dA/dt) that is proportional to the diffusion 
rate RD defined as the change in concentration with time (dC/dt).  Equations 1.6 and 1.7 illustrate 













dA D      (1.6) 
 
S   colloidD ×= JR                (1.7) 
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Silica Colloidal Membrane Formation and Characteristics 
 Colloidal crystals are materials with a periodic arrangement of spherical particles of 
uniform size.44  Silica colloidal crystals are formed when silica nanospheres undergo self-
assemblyi into a close-packed face-centered cubic lattice (fcc) (Figure 1.4).  The silica colloidal 
crystals (Figure 1.5) contain highly ordered arrays of three-dimensional interconnected nanopores 
whose size is easily tuned by changing the diameter of the silica spheres used to create the 
assembly.  The size of the nanopores is defined by the radius of the largest hard sphere that can fit 
within the void, i.e. the distance from the center of the pore to the nearest silica surface, the 
projection of which is ca. 8% of the silica nanosphere diameter.  Thus, colloidal crystals from 
constituent spheres of diameters ranging from 50 to 1000 nm gives access to pores with ‘radii’ 
varying from about 4 to 80 nm. 
Nanoparticles used to create membranes in this thesis are prepared using the so-called 
Stöber method.  The method developed by Stöber et al.45 dates back to 1968 and is now one of 
the most common and preferred procedures for the production of nonporous ‘hard’ silica particles 
because it can easily be carried out in ambient conditions and generally produces silica sphere 
batches of good monodispersity (10% or lower).  In this synthesis, a precursor such as 
tetraethylorthosilicate (TEOS) is mixed with ammonia and water in ethanol to give the desired 
silica spheres (Figure 1.6).  The mechanism of this process involves an initial base-catalyzed 
hydrolysis of TEOS followed by polycondensation of hydrolyzed silica species.  The first step 
occurs more slowly and thus limits the over-all rate at which the particles grow.  The size of the 
spheres can be controlled by adjusting the ratio of ammonia and water.  Increased concentrations 
of the base in the reaction mixture produce larger silica spheres.  The most widely accepted 
rationalization for this observation is that more basic conditions cause the forming silica particles  
 
                                                 
i  Self-assembly is a spontaneous and reversible organization of a disordered system of pre-
formed building blocks into structures that have a higher degree of orderliness than the isolated 





Figure 1.4.  (A) The conventional unit cell is a cube with silica spheres occupying each of the 
vertices and middle of the faces.  The blue-colored plane represents the (111) plane.  (B) Each 







Figure 1.5.  SEM image of a colloidal crystal prepared from silica spheres of 440 nm diameter 
(scale bar = 4000 nm).  (Inset) The geometric projection of a pore observed from the (111) plane 
is outlined in white. 
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to be very unstable due to strongly negative surfaces.  The instability makes the polycondensing 
species very reactive towards TEOS and other silica aggregates, enabling the particles to grow 
faster.46  Particle growth continues until the magnitude of the overall surface charge is 
sufficiently decreased as to allow the spheres to precipitate out. 
To promote crystallinity upon self-assembly and minimize dead space (as a result of 
interparticle repulsion), colloidal suspensions must be deionized exhaustively in polar solvents 
such as water.47  The resultant silica colloidal crystals are thermodynamically stable formations 
(i.e., a product of static self-assembly) where the individual particles are held together by 
cohesive noncovalent interactions particularly van der Waals forces and H-bonding.  It is noted 
that among the different techniques that can be used to assemble a crystal, convective assembly 
appears to be the most useful growth processes for the production of good quality crystals with a 
mainly fcc structure.48 
The vertical deposition process, as employed in this thesis, is an example of convective 
assembly where a substrate (typically a glass slide) is immersed vertically into a colloidal solution 
of silica spheres in a quick-drying solvent such as ethanol (Figure 1.7).  In addition to its high 
vapor pressure, the polarity of ethanol makes it a suitable medium to ensure good solvation of 
negatively charged silica particles resulting in a well-dispersed and stable colloidal suspension.  
The solvent is then allowed to evaporate in a vibration-free environment to produce colloidal 
crystals on the substrate.  Modifications of this general method include the slow and controlled 
withdrawal of the immersed substrate from the colloidal solution49 and the addition of a heat bath 
such that the colloidal solution is maintained at a temperature just below the boiling point of the 
solvent. 
The evaporation-induced self-assembly of silica spheres into a colloidal crystal is driven 
by capillary forces in the solvent meniscus that drags more spheres from the colloidal solution 
into the growth front.50  Once confined in the limited volume of the drying front, the silica 












Figure 1.7.  Schematic of the vertical deposition process used to self-assemble colloidal films.  
The spheres are drawn up the meniscus to the growth front by capillary action while the 




colloidal crystal can remain on the glass support even after drying due to adhesive van der Waals 
and H-bonding interactions between the silica spheres and the substrate.  Vertical deposition is a 
simple, fast and reproducible way to create high quality colloidal crystals with large surface area 
and controlled thickness, and is thus the preferred method for the preparation of nanofrits in this 
thesis. 
The thickness of the colloidal crystals is of importance for the study of transport 
properties; as can be seen in Equation 1.4, molecular flux through a membrane is inversely 
proportional to the membrane thickness.  Several parameters in the vertical deposition method 
provide handles for the manipulation of the film thickness.  First, the use of higher concentrations 
of colloidal solutions results in thicker films due to the fact that more particles are drawn up the 
meniscus at any given time during solvent evaporation.  While overly thick membranes are 
undesirable due to decreased flux, it is noteworthy that sufficient thickness is necessary for the 
formation of practical, robust free-standing nanofrits.  In this thesis, the use of 10 – 12 wt % 
colloidal solutions reproducibly yield nanofrits of approximately 0.2 – 1.0 mm thickness 
depending on the size of the constituent nanoparticles. 
The second factor to consider is the size of the silica spheres that make up the colloidal 
crystals.  For two colloidal solutions at the same concentration, the one consisting of smaller 
particles will produce a thicker film.  For the same concentration, the number of smaller particles 
in colloidal solution is higher than that of larger spheres.  Work in our group has demonstrated 
that 1.5 wt % solutions of silica spheres 440 ± 11 nm and 170 ± 14 nm produce 1.2 and 3.2 μm- 
thick colloidal films, respectively.51  Furthermore, because larger particles can settle out of 
solution more quickly than smaller spheres, the former tend to produce thinner films.52   
Third, evaporation rate also plays a role in the control of membrane thickness.  A less 
volatile solvent usually gives thinner films because the slow removal rate provides the particles 
with time to settle out of solution, thereby reducing the number of spheres that will be drawn up 
by capillary forces onto the substrate.  If alternative solvents of higher volatility are not available, 
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the application of elevated temperatures and/or vacuum are other means by which solvent 
removal may be accelerated. 
Other techniques for colloidal assembly including gravitational methods such as 
sedimentation and centrifugation have also been used.  In the former, self-assembly occurs at the 
bottom of the container when dispersed spheres settle out of the mixture.  Crystals produced in 
this manner typically contain defects such as the presence of various domains that adversely 
affects reproducibility.  Silica colloidal crystals have also been obtained by prolonged 
centrifugation.  However, polarized transmission images revealed the presence of grains with 
varying crystallographic orientations.  Stacking disorders were also apparent from striations 
within grains due to growth faults arising from the applied stress.53  Other methods such 
dielectrophoretic ordering directs the assembly of colloidal particles into crystalline structures 
within seconds to minutes upon application of an electric field.54  The kinetics of assembly and 
degree of orderliness has been shown to depend on particle size and charge, solution ionic 
strength and field strength and frequency.  “Chemical” annealing has also been demonstrated for 
the rapid fabrication of large-scale colloidal crystals by immobilization within UV-cured 
polymers.55   
 
Modification of Silica Surfaces 
Small molecule surface modifiers   
The transport properties of the nanopores in silica colloidal membranes can be controlled 
by covalent surface modification with an appropriate moiety.  The hydroxyl groups present on the 
silica surface are sufficiently dense (5/nm2) and can undergo facile reactions with a wide variety 
of functionalities.  The easiest way to derivatize the silica surface is by treatment with siloxanes, 
wherein new Si-O-Si bonds are formed as a result of substitution of the hydroxyl groups with the 
siloxyl modifiers.  The installment of amine groups using 3-aminopropyltriethoxysilane (3-
APTES) (Figure 1.8) is another common surface modification method utilized in this thesis for 
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the consequent addition of other groups via amide bond formation with acyl chlorides, N-
hydroxysuccinimide esters, sulfonyl chlorides and isothiocyanates (Figure 1.9).  The amine group 
is also useful for metal-ligand bond formation with metal nanoparticles.  Other modifications 
include the attachment of moieties that will serve as initiators for surface-initiated polymerization 
within the nanopores. 
In the last few years, our group has demonstrated the chemical modification of 
nanoporous colloidal films with small molecules that impart transport selectivity on the basis of 
electrostatics (ionizable groups such as amines56 and sulfonic acids57) and molecular recognition 
(chiral selector molecules58). 
 
Polymer surface modifiers   
Polymers are gaining popularity and importance as modifiers for the creation of “smart” 
surfaces with switchable properties in response to applied stimuli.  The polymer structures are 
designed to obtain changes in the chain conformation as well as physical and chemical properties 
of the polymer upon variation of environmental conditions such as pH, temperature, ionic 
strength, solvent polarity, presence of small molecules or ions, and application of electromagnetic 
field. 
There are two general methods for the covalent tethering of polymer chains onto a 
surface.59  In the “grafting to” method, preformed polymer chains are end-functionalized with a 
reactive moiety that is activated for bond formation with groups present on the surface.  As 
examples, N-hydroxysuccinimide and thionyl chloride are employed for the activation of 
carbonyl groups at polymer chain ends for nucleophilic attack with amine-modified surfaces.  
Silica surfaces can also undergo condensation reactions with polymer chains containing silane 
and hydroxyl groups while gold surfaces can be easily modified with monolayers of carboxyl and 
thiol groups.  This approach generally leads to low grafting densities due to the increased steric 
hindrance that limits the diffusion of unreacted polymer chains onto the surface as the reaction  
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Figure 1.8.  Modification of silica surfaces with siloxanes. 
 
 
Figure 1.9.  Reactions used for small molecule, macromolecule and polymer attachment. 
 20
progresses.  One advantage of the “grafting to” method, though, is that it allows excellent control 
over the uniformity of tethered polymer chains with well-defined properties since they can be 
synthesized, purified and characterized separately.  Recent work in our group has shown that 
nanopore surfaces can be “grafted to” with aptamers to manipulate the transport properties as a 
function of small molecule binding.60 
Depending on the application, higher grafting densities may be desirable.  If the goal is to 
control the nanopore size, the polymers have to be grafted with such density that the chains are 
forced to stretch away from the nanopore surface.  Such polymer “brushes” are capable of 
maximized intermolecular interactions (both with the diffusing species and neighboring chains) in 
addition to steric hindrance to non-selective diffusion as a result of the more extended 
conformation of polymer chains.  In this case, the “grafting from” is the technique of choice, 
where polymer brushes grow from a monolayer of surface-attached initiators.61  In contrast to the 
“grafting to” method where bulky polymer chains migrate to the surface, this method minimizes 
steric hindrance to accessing initiator sites since smaller monomer units only need to approach the 
ends of the growing polymer brush layer.  Thus, both high grafting densities and brush 
thicknesses can be obtained using various surface-initiated polymerizations such as ring-opening 
and controlled radical mechanisms among others as suited for a diverse range of monomers.62  
This thesis will describe the application of these two processes to produce polymer brushes 
attached to silica and gold surfaces inside colloidal membranes.  Atom transfer radical 
polymerization (ATRP) is a particularly efficient method for the preparation of well-defined 
polymer brushes. 59  The mechanism (Figure 1.10) involves a transition metal catalyst such as Cu 
in the reversible activation/deactivation reaction between the growing polymer chain and the 
metal-ligand complex (e.g., Cu/bipyridine).63  Silica surface-initiated polymerizations have been 
extensively investigated in our group wherein sulfonate-bearing brushes, 64  temperature-





Figure 1.10.  Mechanism of the ATRP of methyl methacrylate (as an example) from a Au surface 





moiety-bearing polymers have been grown via ATRP whereas polypeptides chains of L-alanine67 
have been grown via ring opening polymerization (ROP) to impart functionality and selectivity 
into the various systems studied.  Polymerization inside the nanopores did not affect the integrity 
of the colloidal crystal. 
 
Metallic surface modifiers   
Silica-metal nanostructures have attracted significant attention because of their unique 
properties that make them well-suited for applications in catalysis, biosensing, optical devices and 
medicine.68  In the area of catalysis, silica has been heavily investigated as support materials that 
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are impregnated with isolated metal atoms or monodisperse metal nanoparticles such as Mn,69 
Fe,70 Ni71 and Pt.72  The applicability in biosensing and optical devices have likewise been 
evaluated particularly for silica-metal shell composites wherein the metal shells of Ag73 and Au74 
exhibit enhanced Raman scattering.75  Jankiewicz et al.68 recently published a comprehensive 
review on silica-noble metal core-shell nanostructures that outlined main methods and strategies 
for their production followed by a summary of their characterization and applications. 
Among the numerous methods for the preparation of silica-metal shell constructs, the 
seed-mediated growth strategy (where metal shells are formed on modified silica cores with pre-
deposited metal nanoparticles) affords nanoshells of notably uniform thickness.  This is important 
for controlling the surface properties of the resulting core-shell composites.  This thesis will 
describe the synthesis of individually Au-coated silica nanoparticles following an electroless 
plating method as developed by Martin and co-workers.76  The metal-modified spheres are then 
used for the preparation of Au-coated nanofrits for the purposes of increasing the mechanical 
robustness and surface densities of both small molecule and polymer modifiers.  As previously 
mentioned, Au surfaces are readily modified via self-assembly of monolayers of thiols, amines 
and carboxylates through chemisorptions.77 
 
Characterization of Colloidal Crystals 
 The use of silica colloidal crystals offers the ability to model the surface chemistry within 
the nanopores in the membranes by studying modifications carried out in colloidal solution, 
assuming close similarity in the behavior of both loose silica spheres and membrane samples.  
Silica spheres can be dispersed in a suitable solvent for common solution characterization 
techniques such as dynamic light scattering (DLS), infrared (IR), fluorescence, UV/Vis and 
nuclear magnetic resonance (NMR) spectroscopy.  Transmission electron microscopy (TEM) and 
DLS are particularly useful for monitoring the size changes due to the subsequent surface 
modifications, particularly with polymers.  Along with zeta-potential (ζ) measurements, 
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spectroscopic data give information on the chemical identities and structures of moieties on the 
surface.  Thermogravimetric analysis (TGA) can also be conducted for the quantification of 
surface coverage with modifiers. 
 The characterization of modified silica colloidal crystals can be accomplished with 
common surface characterization techniques such as X-ray photoelectron spectroscopy (XPS), 
optical microscopy78 which can be coupled with Fourier Fast Transform (FFT) image analysis,79 
scanning electron (SEM),44 atomic force (AFM), confocal laser scanning,80 X-ray microscopy48 
and reflection spectroscopy.47,55  XPS can provide a wealth of information on the elemental 
composition (including the chemical or electronic state of each element) of the surface of a 
sample, while microscopy techniques reveal the physical features on the surface such as 
topography and arrangement of the nanoparticles. 
 
Thesis Overview 
 This thesis will focus on the preparation and investigation of free-standing silica colloidal 
membranes whose nanopores are modified with a variety of small molecules and polymers for the 
size-, charge- and chiral-selective transport of neutral and charged species ranging from small 
dyes to biomolecules.  Chapter 2 highlights the versatility of our nanoporous platform by 
demonstrating the self-assembly of thiol monolayers of both small molecule and polymer 
modifiers onto Au-coated silica colloidal crystals to create pH- and ion-responsive nanopores for 
the transport of neutral and charged dye molecules.  Chapter 3 details the investigation of the 
potential of chirally-modified membranes for the enantiopermselective transport of chiral 
diffusion probes.  Chapter 4 describes the preparation of unmodified nanofrits and diffusion 
studies of dendrimers of various generations as a function of probe size, nanopore size and 
surface charge density in a proof-of-concept experiment to assess the size-selectivity of the 
membranes.  Chapter 5 applies the conclusions from the preceding chapter towards the study of 
PEG-modified silica colloidal frits for the size- and charge-selective transport of several protein 
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probes.  A final chapter summarizes the work presented in this thesis and offers recommendations 
for future work. 
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pH- AND ION-RESPONSIVE TRANSPORT THROUGH  




  The isolation and purification of molecules is crucial for purposes of characterization 
and practical use (e.g., as pharmaceutical products).  Column chromatography remains one of the 
most popular means of separating molecules on the bases of size, shape, polarity, affinity to the 
solid or mobile phase, etc.1  However, the resolution of such columns is highly dependent on the 
manner in which the column is prepared and used.    Potential problems associated with 
chromatography can be circumvented with the use of membranes.   
Currently, most separations achieved via dialysis (movement of molecules by diffusion 
due to a concentration gradient through a semi-permeable membrane) employ commercially 
available organic membranes composed of regenerated cellulose.  Chitin-chitosan2 membranes 
have also been reported for the separations of amino acids and polypeptides.3  However, 
disadvantages of using organic membranes include their limited compatibility with a wide range 
of solvents, irreversible sample binding to the membrane material, and their nonreusability.  
Alternatives to organic frameworks include inorganic materials such as ceramics, glass, carbon 
and metal. Anodic oxidation of aluminum4 and ion beam etching of silicon nitride5 lead to 
cylindrical pores within the membranes.  The efficiency of separations can be improved by using 
membranes that contain convoluted pores instead of the cylindrical pores.6  One example of such 
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pores are those in zeolites, which are closed loops built from tetrahedrally coordinated Si (or Al) 
and O atoms.7  The bonding between the units and oxygen coordination to cations within the 
structure introduce ring strain and, as a result, channels within many zeolites are not cylindrical.  
Silica colloidal crystals provide another system with interconnected three-dimensional 
nanopores.8  Silica colloidal crystals form via self-assembly9 of silica nanospheres into a close-
packed face-centered (fcc) lattice.10  This results in three-dimensional interconnected tetrahedral 
and octahedral voids between neighboring spheres that provide tortuous pathways for molecules 
diffusing through the crystal. 
Transport selectivity through nanoporous membranes based on charge, polarity, shape 
and chirality can be achieved by modifying the surface of the pores with organic functionalities 
such as polymers.11  Functional membranes have been prepared both with noncovalent (e.g. 
layer-by-layer adsorption of polyelectrolyte multilayers) and covalent (polymerization from a 
surface-bound initiator) surface modification.  Incorporation of responsive moieties in a 
membrane introduces chemical selectivity based on electrostatic and other noncovalent 
interactions with a particular diffusing species. 
In this work, silica spheres are coated with a gold shell to impart increased mechanical 
strength to the resulting colloidal membranes, provide a method for nanopore size manipulation, 
introduce new types of nanopore surface modification, and increase the surface density of organic 
moieties compared to a silica surface (a maximum of 10 and 5 modifier groups/nm2 for Au and 
silica surfaces, respectively).  Reports on transport in gold-coated nanopores describe the use of 
track-etched polycarbonate as template.  A surface modification with a self-assembled monolayer 
(SAM) of L-cysteine12 or 11-mercaptoundecanoic acid13,14 can result in pH-switchable transport 
selectivity for ions and proteins.15  Comparison of the performance of membranes modified with 
perfluorodecanethiol or its alkyl analogue 1-decanethiol,16 and with hexadecanethiol or 1-
mercaptoethanol,17 showed transport selectivity for hydrophobic molecules.  In addition to the 
above small molecule modifiers, polymers such as polypeptides18 and polyelectrolytes19 have 
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also been grafted onto the Au-coated nanopores.20  Lokuge et al. reported thermally-switchable 
and size-selective transport of dye-labeled dextrans through membranes with surface-grafted 
poly(N-isopropylacrylamide) (PNIPAAm) chains21 while Yu and coworkers achieved size-based 
protein separations  using poly(ethylene glycol) (PEG) to minimize protein adsorption.22 
Recently, we showed that pH and ion-responsive transport through colloidal nanopores 
could be achieved by silica surface modification with weak cationic polyelectrolyte brushes.23  
The current work describes the preparation and characterization of Au-coated silica colloidal 
membranes whose surface has been modified either with L-cysteine, a 16-carbon n-alkylthiol, or 
the weak anionic polyelectrolyte poly(methacrylic acid) (PMAA).  PMAA is a well-studied 
environmentally responsive polymer that is known to undergo various degrees of swelling 
depending on pH.24  PMAA brushes change their thicknesses as a result of stronger electrostatic 
repulsion between the charged moieties with increasing number of dissociated –COOH groups as 
the pH is raised.25  In addition, earlier studies on the swelling behavior of PMAA brushes in 
aqueous solution in the presence of various salts have established that polycarboxylates exhibit 
specific responses when exposed to different cations such as alkali, alkaline earth and transition 
metals.26,27  Using absorbance measurements to monitor diffusion through our surface-modified 
Au-coated nanoporous membranes, we demonstrate in this chapter the ability to control the 




Chemicals.  Ammonium hydroxide (28-30% as NH3, EMD Chemicals, Inc.), 
tetrabutylammonium hydroxide (40% wt solution in water, Sigma-Aldrich), triethylamine (J.T. 
Baker), hydroxylamine hydrochloride (Sigma-Aldrich), sodium hydroxide (Mallinckrodt 
Chemicals), sodium carbonate anhydrous (Mallinckrodt Chemicals), sodium bicarbonate 
(Mallinckrodt Chemicals), sodium nitrate (J.T. Baker), ammonium chloride (Mallinckrodt 
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Chemicals), magnesium sulfate anhydrous (Mallinckrodt Chemicals), 
(ethylenedinitrilo)tetraacetic acid disodium salt dihydrate (Mallinckrodt Chemicals), bromine 
solution (EMD Chemicals, Inc.), dichloromethane (Mallinckrodt Chemicals), nitric acid (68-70%, 
ACS-grade, EMD Chemicals, Inc.), trifluoroacetic acid (Acrōs), tetraethylorthosilicate 
(99.999+%, Alfa Aesar), ethanol (200 proof, ACS-grade, Pharmaco-Aaper),  
tetrachloroaurate(III) trihydrate (Acrōs  Organics), sodium citrate dihydrate (Alfa Aesar), sodium 
borohydride (Alfa Aesar), sodium methacrylate (Alfa Aesar), copper(I) bromide (Aldrich), 
copper(II) bromide (Aldrich), 2,2’-dipyridyl (Aldrich), 11-mercapto-1-undecanol (Aldrich), 2-
bromoisobutyryl bromide (Aldrich), L-cysteine (Aldrich), dihexadecyl disulfide (Aldrich), 
ferrocenecarboxaldehyde (Aldrich) and Rhodamine B (Sigma) were all used as received. 
Millipore water (18 MΩ•cm) used in all experiments was obtained from a Barnstead “E-pure” 
water purification system.  Acetonitrile (HPLC grade, VWR Scientific) was freshly distilled from 
calcium hydride.  Column chormatography was performed using silica gel (40-63μm) with 60Å 
pore diameter (Silicycle Chemical Division).  TLC was performed using Silica gel 60 F254 on 
aluminium sheets (EMD Chemicals, Inc.). 
Instrumentation.  Scanning electron microscopy (SEM) images were obtained using 
either a Hitachi S3000-N or an FEI NanoNova instrument.  Transmission electron microscopy 
(TEM) images were obtained using an FEI Philips Tecnai T-12 instrument.  UV/Vis 
measurements were collected using an Ocean Optics USB2000 or USB4000 instrument.  A 
Branson 1510 sonicator was used for all sonications.  A Clay Adams Compact II Centrifuge 
(3200 rpm, Becton Dickinson) was used for all centrifugations.  A Fisher Scientific Isotemp 
Programmable Muffle Furnace (Model 650) was used for all sintering purposes.  All zeta-
potential measurements were carried out in water using a NICOMP 380 ZLS Zeta 
Potential/Particle Sizer (PSS•NICOMP Particle Sizing Systems).  Thermogravimetric analyses 
were performed using a TA Instruments TGA 2950 Thermogravimetric Analyzer. 
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Methods 
Preparation of 350 nm silica spheres. All silica spheres were prepared according to 
modifications of previously reported procedures.28,29  All glassware were cleaned with Millipore 
water prior to use.  A batch of silica spheres was made by mixing 500.0 mL of an ethanolic 
solution containing TEOS (51.4 mL, 0.20 mol) with 500.0 mL of an ethanolic solution containing 
NH4OH (70.0 mL, 1.1 mol) and water (257 g, 14.3 mol).  These two solutions were poured 
simultaneously in a 2 L Erlenmeyer flask and vigorously stirred.  The resulting mixture had final 
concentrations of 0.2 M TEOS, 1.1 M NH3 and 17.0 M H2O.  The onset of turbidity after a short 
while indicated the start of silica sphere formation.  After 24 h, the mixture was then poured into 
15 mL centrifuge tubes (Corning) and centrifuged for 10 min.  The supernatant was discarded, 
leaving the spheres as pellets at the bottom of the centrifuge tubes.  Purification of the spheres 
was achieved by a repetitive cycle of suspending the spheres via sonication for 10 min followed 
by centrifugation for 10 min in a gradient series of 10 mL supernatant: 100% water, 25% ethanol, 
50% ethanol, 75% ethanol (twice) and finally 100% ethanol.  After the final rinsing, the 
supernatant was decanted and the silica spheres air-dried overnight.  The dried spheres were then 
pre-shrunk by transferring to a Petri dish (breaking any large aggregates with a spatula) and 
placing in a furnace programmed to heat the spheres for 4 h at 600°C30- 32  (desired temperature 
achieved at a heating rate of 20°C/min).  SEM images were obtained of the spheres and their size 
was determined from 100 individually measured spheres to be 350 ± 20 nm in diameter. 
Preparation of 3 nm Au nanoparticles.  Gold nanoparticles of nominal size 3nm were 
prepared according to literature.33  Briefly, 90.0 mL of a 0.27 mM HAuCl4•3H2O aqueous 
solution was mixed with 2.0 mL 1% sodium citrate aqueous solution with stirring.  After 1 min, 
1.0 mL freshly prepared 0.075% NaBH4 in 1% sodium citrate solution was added and the mixture 
stirred for another 5 min.  The reaction temperature was maintained constantly at 4 °C.  This 
stock solution of Au nanoparticles was then stored in the refrigerator.  TEM images indicated that 
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the nanoparticles were prone to aggregation, leading to particles with sizes ranging from about 8 
to 40 nm in diameter. 
Preparation of Au-coated silica spheres.  The preshrunk particles were aminated prior 
to Au-coating.  To 13.3 g silica spheres dispersed in 200 mL dry acetonitrile, 0.40 mL of 3-
aminopropyltiethoxysilane was added  and the mixture was vigorously stirred and kept under N2 
(g) overnight.  The modified particles were isolated by repeated centrifugation and resuspension 
in acetonitrile, tetrahydrofuran, xylene, twice in water and twice in acetonitrile, followed by air-
drying.  The aminated spheres were then immersed in a six-fold diluted aqueous solution of the 
Au nanoparticles for 10 h with stirring.  The wine red color of the solution disappears as the Au 
nanoparticles chemisorbed onto the surface of the spheres.  The faintly pink spheres were then 
collected via centrifugation and washed via sonication in deionized water at least three times prior 
to air-drying. 
The spheres were ground up and poured into a 250-mL Erlenmeyer flask, to which then 
200 mL of a Au-plating solution (0.1% w/w HAuCl4 in 0.40 mM NH2OH•HCl) was added with 
vigorous stirring for 30 min.  The colloidal solution turned into a deep purple color as Au shells 
were chemically deposited onto the surface of the silica spheres.  The Au-coated spheres were 
collected in 15-mL Corning tubes, centrifuged and rinsed repetitively with deionized water at 
least five times.  The modified spheres were dried under a stream of N2 (g) to give a violet-
colored powder.  TEM images confirmed the formation of a Au coat of uniform thickness and 
relatively smooth surface around the silica spheres.  The thickness of the Au shell was estimated 
to be ~20 nm based on comparison of SEM images of aminated and Au-coated particles. 
Surface-modification with L-cysteine.  L-cysteine chemisorption onto the Au surface 
was achieved according to literature.34  Briefly, sintered membranes of Au-coated silica spheres 
were immersed into a 2 mM solution of L-cysteine in 80% ethanol for 24 h with stirring in an 
inert atmosphere.  The membranes were then rinsed with ethanol and dried in air. 
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Surface modification with n-dihexadecyl disulfide.  A SAM of a 16-carbon n-
alkylthiol was chemisorbed onto the Au-coated nanopores by immersing sintered membranes in a 
2 mM solution of dihexadecyl disulfide in 1-octanol for 24 h with stirring in an inert atmosphere.  
The membranes were then rinsed with copious amounts of ethanol and air-dried. 
Synthesis of ATRP initiator.  The initiator and its precursor were synthesized according 
to a previous publication.35  Briefly, the precursor was prepared by dissolving 1.0225 g of 11-
mercapto-1-undecanol in 37.5 mL dichloromethane and 5 mL 10% KHCO3 solution in a round-
bottom flask with stirring, to which 128 μL of bromine solution was added dropwise.  After the 
brown color of bromine has disappeared, the aqueous phase was extracted with 50 mL 
dichloromethane.  The organic phases were combined and dried with anhydrous MgSO4.  Solvent 
removal yielded a white solid (average 56.8% yield) whose 1H NMR spectrum corresponded to 
literature.  To 1.25 g of the disulfide precursor dissolved in 75 mL dichloromethane, 2.09 mL 
triethylamine was added and the mixture was maintained at 0 °C under an inert atmosphere.  The 
resulting solution was stirred for 1 h after 0.94 mL of 2-bromoisobutyryl bromide was added 
dropwise.  The temperature was then brought to 25 °C and stirring continued for another 2 h, after 
which the solution was extracted with 2 N Na2CO3 saturated with NH4Cl.  The organic solvent 
was evaporated to afford a pale yellow viscous liquid.  The crude product was purified via flash 
chromatography using a mobile phase of 1:1 dichloromethane:acetonitrile.  The final initiator 
product was a viscous, clear yellow liquid (average 65.9% yield) whose 1H NMR spectrum was 
in good agreement with that of previous reports. 
Surface-modification with polymer brushes.  Poly(methacrylic acid) (PMAA) brushes 
were grown onto the surface of the Au via atom-transfer radical polymerization.36  The Au-coated 
substrates (either loose spheres or sintered membranes) were submerged in 1 mM initiator 
solution in absolute ethanol overnight in a nitrogen atmosphere, after which the substrates were 
rinsed with ethanol and blown dry.  In a N2(g)-filled flask, 2.12 g (20 mmol) sodium 
methacrylate, 28.7 mg (0.20 mmol) CuBr, 9.0 mg (0.04 mmol) CuBr2 and 78.4 mg (0.48 mmol) 
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2,2’-dipyridyl reagent were mixed together with 4 mL deionized water (pH 9, bubbled with N2(g) 
for at least 30 min beforehand) with stirring at room temperature for ~5 min.  The initiator-
modified Au-coated substrates were then added into the flask and polymerization carried out at 
ambient temperature.  The polymerization time was varied from 5 to 25 min for the loose spheres, 
and up to 45 min for sintered membranes.  The substrates were then washed with deionized water, 
sonicated in 0.1 M EDTA solution, rinsed with water and ethanol and N2(g)-dried. 
Preparation of free-standing nanofrits.  The nanofrits were prepared by vertical 
deposition onto a glass substrate from 12-15 wt% colloidal solutions of Au-coated silica spheres 
in ethanol.  The resulting membranes were then gently lifted from the glass slides and sintered in 
a furnace for 10 h at 1000 °C (desired temperature achieved at a heating rate of 5 °C/min).  The 
sintered colloidal membranes were now noticeably much more robust and durable, making 
handling easier.  SEM images of the nanofrits were taken to give an average diameter of 338 ± 10 
nm as measured from 100 individual spheres in each colloidal membrane.  The thickness of each 
colloidal membrane was measured with a Vernier caliper at six points throughout the piece.  The 
membranes were then subject to surface modification as outlined above.  To make nanofrits, the 
pieces were then sandwiched between two PTFE washers (5.0 mm inner diameter, 14.0 mm outer 
diameter and 1.0 mm thickness, Small Parts, Inc.) with Loctite Hysol 0151 Epoxy.  Nanofrits 
constructed as such were allowed to cure for at least 24 h prior to use for diffusion experiments. 
Diffusion measurements through nanofrits.  Diffusion experiments through the 
colloidal membranes were performed by placing a nanofrit between two connected 1-cm quartz 
cuvettes.  The feed cell contained 4.00 mL of an aqueous dye solution while the reservoir cell 
contained 4.00 mL of the blank solution.  The nanofrit was placed between two Kalrez o-rings to 
guard against leaking, and the whole assembly was then secured with a clamp.  Each cell was 
covered with Parafilm to prevent eventual evaporation, and the contents of both cells continually 
stirred.  The reservoir cell was placed between two fiber optic cables and was initially blanked.  
The flux was monitored by recording the absorbance in the reservoir cell for at least 18 h.  In 
 38
diffusion experiments with a mixture of two dyes in the feed cell, the absorbances at both λmax 
values for ferrocenecarboxaldehyde and Rhodamine B (488 nm and 546 nm, respectively) were 
simultaneously recorded.  Data points were acquired every 150 s with an initial delay of 150 s.  
Prior to using a nanofrit for a new trial, the pieces were immersed in deionized water for at least 2 
days and the water replaced occasionally to ensure removal of any previous probe molecule from 
within the colloidal films. 
 
Results and Discussion 
Preparation of free-standing Au-coated membranes   
To prepare Au-coated silica colloidal crystals, amine groups were first introduced onto 
the surface of 320 nm silica spheres, resulting in thin polymeric layers of silamines.  These amine 
groups acted as ligands for the chemisorption of gold nanoparticles (2 – 10 nm diameter) (Figure 
2.1),  which in turn served as nuclei that grew larger and eventually coalesced upon immersion of 
the nanoparticles in a gold-plating solution to form a coat of uniform thickness (~20 nm) around 
each silica sphere.  Each of the modifications described above was followed by the changes in 
color of the colloidal solutions (Figure 2.2), and by using DLS, SEM and TEM (Table 2.1, Figure 
2.3).  If desired, we could vary the thickness of the gold layer by changing the reaction conditions 
such as plating time and the ratio of the amounts of the gold source (HAuCl4) and the reducing 
agent (NH2OH).  
Nanoporous membranes were prepared next via the vertical deposition method from 
colloidal solutions of Au-coated silica spheres.  Coating the silica spheres with a gold shell did 
not appear to affect the self-assembly of the spheres into an fcc arrangement (Figure 2.4).  Free-
standing membranes from gold-coated silica spheres were then produced by sintering at 1000 °C.  
In addition to providing mechanical integrity and strength to the membrane, sintering also 
ensured uniform coverage with surface modifiers in subsequent functionalizations.  Indeed, a 











Figure 2.2.  Colloidal solutions of (Left) aminated spheres, (Middle) with adsorbed Au 









Table 2.1.  Summary of measured diameters (nm) for the prepared nanoparticles. 
 DLS SEM 
As made 365 ± 40 350 ± 20 
Preshrunk 368 ± 40 316 ± 20 
Amine-modified 361 ± 40 317 ± 20 
With adsorbed Au np 389 ± 40 323 ± 20 
Au-coated 443 ± 40 338 ± 10 






Figure 2.3.  Electroless plating of SiO2: (Left) Aminated nanospheres are immersed in a colloidal 
solution of Au nanoparticles, and are then (Middle) stirred in a plating solution of HAuCl4•3H2O 








Figure 2.4.  SEM image of sintered Au-coated SiO2 membranes with PMAA grown for 10 min 





SAMs.  Tan et al.37 reported that temperatures as low as 325 °C were sufficient to cause surface 
melting of the gold.  TEM images showed that the gold-coated silica nanoparticles retained a 
uniform spherical shape (Figure 2.5).  Sintering also led to the decrease in the nanosphere 
diameter, from 338 to 275 nm.  Thus, the nanopore size in the resulting Au-coated nanofrits was 
21 nm. 
 
Surface-modification with L-cysteine   
To determine whether charge-selective molecular transport could be achieved with the 
Au-coated nanofrits, we decided to study the concentration gradient (ΔC)-driven diffusion of a 
cationic dye, Rhodamine B, by measuring the diffusion rate RD (mol⋅sec-1) through a nanofrit of a 
known thickness L and area S (cm2).  RD was determined by recording the number of moles of a 








Figure 2.6.  Knowing the value of RD allowed for the calculation of the molecular flux Jcolloid 
(mol⋅sec-1⋅cm-2) through the nanofrit (Equation 2.1).   
 
S   colloidD ×= JR                         (2.1) 
 
A solution for Fickian diffusion (Equation 2.2) can then be used to determine the effective 
diffusion coefficient Deff (cm2⋅sec-1) of a diffusing species in a particular solvent (in this case 
water) as it traverses through the colloidal nanofrit.38   
 








Figure 2.6.  Diffusion experiment set-up. The absorbance at the reservoir cell (left) was 





Deff values take into account the effect of intrinsic colloidal crystal properties such as void 
fraction (ε = 0.26) and tortuosity (τ ~ 3.0) compared to the free diffusion coefficient in a given 
solvent Dsol (Equation 2.3): 
 
soleff     DD ×= τ
ε
           (2.3) 
 
Sintered Au-coated membranes were surface-modified by introducing a self-assembled 
monolayer (SAM) of L-cysteine (Figure 2.7).  The presence of an IR band (Figure 2.8) 
corresponding to a carbonyl stretch (1735 cm-1) confirmed the presence of L-cysteine on the 
surface but its weak intensity as well as negligible % weight loss in thermogravimetric analysis 
(TGA) experiments indicated less than optimal surface coverage.  This explained the relatively 




Figure 2.7.  Reaction  schemes for surface modification of the Au-coated SiO2 spheres: (A) 
formation of a SAM of L-cysteine, (B) formation of a SAM of a 16-carbon n-alkyl chain, (C) 





and presence of trifluoroacetic acid (TFA) (Figure 2.9).  Selectivity was calculated as the ratio of 
Deff in the absence of and with acid.  Upon addition of the acid, both amine and carboxylate 
groups in L-cysteine became protonated, resulting in a positively-charged nanopore surface.  
Thus, the diffusion rate was expected to be lower in the presence of the acid due to the 
electrostatic repulsion between the cationic dye and the nanopore surface and this was 
demonstrated to be the case from calculated Deff values (Table 2.2). 
To confirm that the above results were due to electrostatics, we decided to modify the 
nanopore surfaces with a non-ionizable moiety, specifically with a 16-carbon n-alkyl chain 
(Figure 2.7).  Diffusion experiments of Rhodamine B through functionalized frits (Figure 2.10) 
showed no significant difference in calculated effective diffusion coefficients in the absence and  
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Figure 2.9.  Comparison of the flux of Rhodamine B in the absence (blue) or presence (red) of an 





Table 2.2.  Summary of calculated average diffusion coefficients for Rhodamine B through L-
cysteine and n-hexadecyl-modified gold-coated silica frits.  Selectivity was calculated as the ratio 
of coefficients without and with acid. 
Modified with Deff (cm2/sec × 10-6) Selectivity 
Without acid With acid  
L-cysteine 3.6 ± 0.3 2.9 ± 0.2 1.3 







Figure 2.10.  Comparison of the flux of Rhodamine B in the absence (blue) or presence (red) of 





presence of the acid (Table 2.2).  It appears that these alkyl chains remained in a collapsed 
conformation near the nanopore surface as opposed to extending into the solution, as illustrated 
by the calculated diffusion coefficients (Table 2.2) that are similar to the literature value for 
Rhodamine B in free solution (3.6 × 10-6 cm2/sec in water at 21.5 °C).39  This behavior was 
expected since water is a poor solvent for hydrophobic moieties.  In a less polar solvent, the alkyl 
chains can extend into the solution and this would reduce the effective pore size. In such case, 
lower diffusion rates would have been observed. 
 
Surface-modification with PMAA   
To manipulate the effective nanopore size, we wanted surface modifiers with tunable 
sterics arising from variations in molecular weight or conformation.  Thus, weak polyelectrolyte 
brushes of PMAA were covalently bound to the gold surface.  Exploiting this approach afforded a 
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three-dimensional arrangement of the -COOH groups compared to the planar arrangement in a 
typical SAM.  In order to demonstrate that atom-transfer radical polymerization (ATRP) of 
PMAA can be performed on the gold surface (Figure 2.7), silica spheres in colloidal solution 
were modified with an initiator moiety followed by the treatment with sodium methacrylate in the 
presence of a copper(I) catalyst.  TEM images of the modified nanoparticles (Figure 2.11) that 
were rigorously washed via sonication confirmed the presence of organic moieties that were 
covalently bound from the surface.  The polymer growth as a function of polymerization time was 
monitored by DLS and TGA experiments, and the polymer brush length and degree of 
polymerization n were calculated.  The results of these measurements are shown in Table 2.3.  
The TGA curves show increasing % weight loss with increasing ATRP time; % weight losses 
around ~240 – 250 °C can be attributed to initiator decomposition, while PMAA is lost from 











Table 2.3.  Comparison of DLS and TGA data for PMAA-modified loose Au-coated silica 
spheres.  The calculated polymer brush lengths based on TGA data were obtained with the 
assumption that all initiators reacted to grow PMAA and with the aid of Chem3D estimated 1.7 
nm contribution of the initiator molecule and 0.25 nm each monomer unit. 
DLS Data 
 Diameter (nm) Brush length (nm) 
Initiator-modified 346 ± 20  
5 min ATRP time 386 ± 30 20 
10 min ATRP time 425 ± 30 39 
15 min ATRP time 509 ± 40 81 
25 min ATRP time 560 ± 60 107 
TGA Data 
 % Weight loss above 200 °C Calculated results 
Initiator-modified 0.5614% initiator 4.16 × 106  initiators/sphere; 
6.75 initiators/nm2 
 
5 min ATRP time 4.287% total organic matter 
(0.4122% initiator,  
3.8748% PMAA) 
 
29.75 repeating units;  
polymer brush length 9.14 nm 
10 min ATRP time 4.687% total organic matter 
(0.4101% initiator,  
4.2769% PMAA) 
 
33.01 repeating units;  
polymer brush length 10 nm 
15 min ATRP time 5.920% total organic matter 
(0.4038% initiator,  
5.5162% PMAA) 
 
43.25 repeating units;  
polymer brush length 12.5 nm 
25 min ATRP time 8.197% total organic matter 
(0.3970% initiator,  
7.800% PMAA) 
62.18 repeating units;  






Figure 2.12.  TGA of initiator-modified (red) Au-coated SiO2 spheres with PMAA grown from 





Next, we prepared PMAA-modified Au-coated nanofrits by ATRP.  The sintered 
substrates were first modified with a SAM of the initiator then soaked in a mixture of the 
methacrylate monomer and copper(I) catalyst for various reaction times.  To determine if PMAA 
polymer brushes inside the nanopores respond to variations in the pH, we decided to study the 
diffusion of a neutral dye so that any changes in flux could be attributed to changes in polymer 
conformation alone and not to interactions between PMAA chains and the diffusing species.  
Diffusion experiments of ferrocenecarboxaldehyde, Fc(CHO), through PMAA-modified nanofrits 
(Figures 2.4, 2.13) showed that there was a general trend of decreasing rate of diffusion with 
increasing length of polymer chains within the nanopores (Figure 2.14).  The incorporation of 
polymers inside the nanopores resulted to a decrease in the effective size of the nanopores as they 
became partially blocked.  Comparison of the calculated Deff values showed that diffusion was 




Figure 2.13.  SEM image of sintered Au-coated SiO2 membranes with PMAA grown for 30 min 






Figure 2.14.  Comparison of the flux of ferrocenecarboxaldehyde through frits modified via 
ATRP for 10 min (with acid, blue; without acid, red), 30 min (with acid, green; without acid, 
pink) and 45 min (with acid, gray; without acid, orange). 
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30 min.  We did not observe complete blockage of the nanopores even as ATRP time was 
extended until 45 min, as the calculated Deff values for Fc(CHO) in 30- and 40-min ATRP-
modified frits were similar.  It is possible that the polymerization reaction slowed down 
considerably after 30 min. 
Upon addition of 50 mM trifluoroacetic acid to the diffusion solution, we observed an 
increased flux for Fc(CHO) through the nanofrits (Table 2.4).  This was consistent with the 
known behavior of PMAA in response to pH changes.  In the absence of TFA, the polymer 
brushes are extended as a result of a significant degree of dissociation of the –COOH groups.  
Indeed, the solution pH∼7 was higher than the pKa∼5 of PMAA.40  In the presence of TFA, 




Table 2.4.  Summary of calculated average diffusion coefficients for ferrocenecarboxaldehyde 
and Rhodamine B through PMAA-modified gold-coated silica frits.  Selectivity was calculated as 
the ratio of coefficients with and without acid. 
Modified with Deff (cm2/sec ×10-6) Selectivity 
Without acid With acid  
Ferrocenecarboxaldehyde 
10 min PMAA 6.7 ± 0.6 16 ± 2 2.4 
30 min PMAA 0.9 ± 0.2 12 ± 2 14 
45 min PMAA 0.9 ± 0.3 10 ± 3 12 
Rhodamine B 
10 min PMAA 2.4 ± 0.2 2.2 ± 0.5 0.9 
15 min PMAA 2.4 ± 0.6 1.0 ± 0.1 0.4 
30 min PMAA 3 ± 2 0.18 ± 0.07 0.06 
45 min PMAA 3 ± 2 0.2 ± 0.1 0.07 
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electrostatic repulsions are minimized.  The PMAA chains fold and collapse closer to the surface, 
thus leading to larger channels within the nanopores.  The calculated selectivities, obtained as the 
ratio of Deff in the presence and absence of acid (Table 2.4), illustrated that the PMAA brushes 
within our nanopores were indeed pH-responsive.  pH-permselectivity was only slightly more 
than 2 for a sintered Au-coated membrane after 10 min ATRP, but increased to 14 after the 30-
min ATRP. 
We then studied the nature of the interaction between the nanopore surface and the 
diffusing species on the transport properties of our membranes.  Diffusion experiments for the 
cationic dye, Rhodamine B, were carried out with and without TFA present.  Figure 2.15 shows 
that the results are opposite to the trend observed for Fc(CHO).  Instead of exhibiting greater 
diffusion rates as the polymer chains were fully protonated, diffusion appeared to be more 





Figure 2.15.  Comparison of the flux of Rhodamine B through frits modified via ATRP for 10 
min (without acid, blue; with acid, red), 30 min (without acid, green; with acid, pink) and 45 min 
(without acid, gray; with acid, orange). 
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brushes (Table 2.4).  Our rationalization of the above observations is presented below. 
It is well-known that polycarboxylates show a specific response when exposed to 
different cations.  A survey of literature revealed that PMAA brushes have unusual interactions 
with metal cations (Group 1A, 2A, transition metals) in that electrostatic attraction between the 
metal cations and the carboxylate groups results in a collapse of the brushes at metal cation 
concentrations as low as 1 mM.25-27  The resulting zero net charge in the system leads to increased 
hydrophobic interactions as both polyanion and the cation undergo partial dehydration (i.e. water 
becomes a less effective solvent resulting in the shrinkage of the polymer).24  In the presence of 
counterions other than H+ (aq), the behavior of PMAA depends on both electrostatic and 
hydrophobic interactions. 
We propose that a similar phenomenon occurs in our case.  At neutral pH (no acid 
added), the carboxylic acid moieties in our polymer brushes are dissociated to some extent and, 
therefore, carry negative charges.  The binding of Rhodamine B (a cationic dye) to the 
polycarboxylate arises from electrostatic attraction. Accommodation of Rhodamine B as a 
counterion disrupts the extensive network of water molecules and expels some of the water 
molecules in the immediate vicinity of the dye-brush interaction.  This partial dehydration 
enhances the hydrophobic interactions along the chain, which causes the polymer brushes to 
collapse.  Without acid, we observed only small differences in Deff for Rhodamine B going from 
10- to 45-min PMAA-modified frits (Table 2.2).  This suggests that the PMAA brushes were 
collapsed such that the effective nanopore size in all frits was roughly the same.    
We did not observe a significant extent of polymer collapse upon addition of an acid, 
presumably due to the lack of deprotonated moieties that could interact with the dye cation.  It 
seems that the polymer shrinkage as a result of interaction with Rhodamine B is greater compared 
to the effect of fully protonating the polymer chain.  Thus, the polymer brushes were more 
extended in the presence of an acid and Rhodamine B diffused more slowly since the nanopores 
were more sterically blocked.  Comparison of the calculated selectivities showed that this effect 
 55
was more pronounced with longer polymer chains (Table 2.2).  The selectivity increased 6.6 
times when polymerization time increased from 15 to 30 min. 
We therefore performed a simple test to confirm the above rationalization.  Size 
measurements via DLS for loose Au-coated spheres modified via ATRP for 30 min were used to 
investigate the brush length as a function of Rhodamine B concentration (Figure 2.16) in the 
range of concentrations comparable to that used in our diffusion experiments.  It is apparent that 
PMAA brush lengths decreased with increasing concentration of Rhodamine B, supporting our 
proposed explanation.  But a closer look at low dye concentrations (Figure 2.17) revealed that the 
extent of swelling initially increased and reached a maximum at a critical concentration of 0.1 
mM of Rhodamine B.  These swelling properties of PMAA affected by counterion concentration 
are similar to those in the presence of monovalent cations like Na+, as reported extensively by 
Rühe and coworkers.25-27  Below the critical concentration in what is referred to as the osmotic 
brush regime, the high concentration of Rhodamine B inside the polymer brush layer (compared 
to the bulk solution) caused a higher osmotic pressure in the brush than in the adjacent solution.  
This osmotic pressure difference and electrostatic repulsion explained the brush swelling.  Above 
the critical concentration is the salted brush regime, the brush thickness decreased with increasing 
dye concentration as the charged groups along the chain became more effectively screened and as 
the differences in osmotic pressures became smaller.   
We also compared the swollen brush lengths for polymer-coated spheres in the presence 
of 2.5 mM Rhodamine B alone, 50 mM TFA alone, and with both 2.5 mM Rhodamine B and 50 
mM TFA added (Figure 2.16).  These concentrations were the conditions employed in the 
diffusion experiments and it is noted that this dye concentration was above the experimentally 
determined critical concentration.  From the results of diffusion experiments for Rhodamine B, it 
was expected that samples with Rhodamine B would have significantly less brush swelling than 
with TFA added alone.  However, the measured differences were not pronounced since 
adsorption of the dye (1.6 nm diameter)41 could be contributing to the hydrodynamic volume of 
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Figure 2.16.  Brush length of PMAA grown for 30 min onto loose Au-coated SiO2 spheres as a 






Figure 2.17.  Brush length of PMAA grown for 30 min onto loose Au-coated SiO2 spheres as a 
function of the concentration of Rhodamine B in the osmotic brush regime (the line is included as 
a guide for the eye). 
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the particles.  As such, the hydrated brush lengths for polymers exposed to Rhodamine B alone, 
TFA alone or both dye and acid were all within experimental uncertainties. 
 We decided to further study the ion-response to Rhodamine B for PMAA inside the 
nanopores.  Thus, we studied the diffusion of Fc(CHO) in the presence of either 2.5 mM 
Rhodamine B or 50 mM NaNO3 (chosen to match the concentration of TFA and well above the 
transition from osmotic to salted brush regimes) through the membranes modified with PMAA 
grown for 30 min.  Figure 2.18 shows a representative plot comparing the flux of the neutral dye 
as the environment is changed either by varying the pH or with the addition of cations that can 
interact with the polymer chains.  Diffusion rates in the presence of either acid, Rhodamine B or 
Na+ were all higher with respect to diffusion in water, in agreement with observations previously 
discussed.  Table 2.5 summarizes the average Deff values for Fc(CHO) and the transport 
selectivities calculated as the ratio of coefficients in the presence and absence of added 
counterions (Rhodamine B, H+(aq) or Na+(aq)).  The transport selectivity was consistently enhanced 
by a factor of ca. 15 by employing polymers grown for at least 30 min within the nanopores.  
Considering that the concentration of Rhodamine B was much smaller compared to either TFA or 
Na+ (2.5 mM << 50 mM), this suggested that the cationic dye caused the de-swelling of PMAA 
chains most effectively.  These results supported our theory that induced dominance of 
hydrophobic interactions within the polymer chain (as a result of adding the dye counterion) can 
lead to greater brush de-swelling than lowering the pH. 
 
Conclusions 
 We prepared free-standing colloidal nanofrits composed of gold-coated silica spheres 
whose nanopore surfaces have been modified with various organic moieties, and studied the 
molecular transport of neutral and cationic species across the membranes as a function of pH and 
of the counterions present.  We found that transport through nanopores with n-alkyl modifiers 





Figure 2.18.  Comparison of the flux of ferrocenecarboxaldehyde through frits modified via 
ATRP for 30 min as the environment was varied: in water (blue), 50 mM TFA (red), 50 mM 





Table 2.5.  Summary of calculated average diffusion coefficients for ferrocenecarboxaldehyde in 
various solutions through 30-min PMAA-modified gold-coated silica frits.  Selectivity was 
calculated as the ratio of coefficients with respect to water. 
Diffusion solution Deff (cm2/sec ×10-6) Selectivity 
Water 0.9 ± 0.2 1.00 
50 mM TFA 13 ± 2 14 
2.5 mM Rhodamine B 12 ± 3 13 





cysteine-modified nanopores decreased slightly in the presence of an acid due to electrostatic 
effects.  We also grew PMAA brushes of various lengths inside the nanopores via surface-
initiated ATRP by controlling the polymerization time.  We discovered that the transport in the 
polymer-modified membranes is both pH- and ion-responsive.  The diffusion rates of neutral 
molecules increased with decreasing pH and with increasing counterion concentration in the 
salted brush regime.  This effect was more pronounced with longer PMAA chains due to 
combined electrostatic and steric effects.  We also found that PMAA undergoes conformational 
changes in the presence of Rhodamine B in a manner similar to its swelling behavior in the 
presence of Na+ arising from both electrostatic and hydrophobic interactions between the 
counterion and PMAA chains. 
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CHIRAL PERMSELECTIVITY IN COLLOIDAL NANOFRITS  
SURFACE-MODIFIED WITH CHIRAL MOIETIES 
 
Introduction 
  Separations are important in almost all fields of chemistry (whether fundamental or 
applied) and in many industries, particularly in the production of pharmaceuticals, foods, 
agricultural chemicals, perfumes, and high purity reagents for research purposes, to name a 
few.1,2  Perhaps one of the most challenging separations is the preparation of optically pure 
enantiomers.3  In an achiral environment, enantiomers of a chiral molecule have indistinguishable 
physical and chemical properties4 except for their non-superimposable mirror-image geometries5 
that allow them to interact with plane-polarized light differently.  Once placed in a chiral 
environment (i.e., dissolution in a chiral medium or mixed with other chiral entities), however, 
one enantiomer may exhibit different chemical or biological properties than the other 
enantiomer.4   
When one considers that two major components of living systems are produced in the 
body as enantiopure D-sugars and L-amino acids,6 it is not surprising that most drug effects are 
dependent on interactions with chiral biological molecules.7  Due to the stereoselectivity of 
enzymatic and other biological processes, each of the enantiomers can have vastly different 
pharmacologic behavior8 with one isomer showing beneficial therapeutic activities and the other 
being an inert impurity at best unless it leads to undesirable side effects.9  Many active drugs, 
agrochemicals, food flavorings and fragrance components are racemates (mixtures of equal 
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amounts of enantiomers) wherein the nondesired enantiomer may be regarded as 50% impurity.10  
For these reasons, the Food and Drug Administration has encouraged several years ago the drug 
manufacturers to supply enantiopure therapeutic agents or prove that the use of a racemic mixture 
would be more beneficial.8  Since then, the demand for efficient chiral separations that can be 




especially adapted for large-scale purifications has significantly increased.11 
 Optically pure compounds can be obtained via asymmetric syntheses from achiral 
starting materials.  However, for the reaction to favor one chiral product, a catalyst that is itself 
chiral and enantiopure is required.5  The low over-all yields of many of these expensive synthetic 
routes and the slow progress in the development of optimized reaction conditions make this 
method unable to keep with the high demand for producing single enantiomers.  Instead, a more 
popular alternative 
ure form.   
Most industrial separations employ either diastereomeric resolution or chromatography.10  
The former could include diastereomeric salt crystallization and kinetic resolution.8,11  Selective 
crystallization may be as straightforward as exploiting the differences in the solubility of the 
racemate and one of the enantiomers, but this method requires an initial enantiomeric excess 
which, in turn, necessitates a preceding step to gain the enantiomeric enrichment.10  Alternatively, 
an organic racemate can be resolved by treatment with an enantiopure agent that selectively forms 
an insoluble acid-base or host-guest complex with one of the enantiomers.12  Overall, 
crystallization is expensive and time-consuming.13  On the other hand, kinetic resolution can be 
achieved based on different reaction rates of each enantiomer with a chiral entity.  This includes 
stereoselective enzyme catalysis that converts one of the enantiomers while the desired
er remains.  However, kinetic resolution can be very costly due to its single operation.   
Chromatography offers several enantioselective methods such as HPLC, high resolution 
GC, multidimensional GC, capillary electrophoresis and supercritical fluid chromatography.11  
Chiral separations depend on the ability to recognize and discriminate one of the enantiomers.14  
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This relies on a difference in strength of interactions between the enantiomers and a chiral 
selector to form diastereomeric complexes of different stabilities.15  Pirkle’s 3-point rule states 
that a minimum of three simultaneous interactions between one of the enantiomers (A, B and C 
portions) and the chiral selector (corresponding regions a, b and c) is required, with at least one of 
these interactions being stereochemically dependent.16  One of the enantiomers will have a 
suitable 3D structure such that A, B and C will align with a, b and c, respectively.  In contrast, the 
other enantiomer will have a lower binding affinity because it is not able to have all three 
simultaneous interactions regardless of its rotation in space despite possessing all of the same 
groups A, B, C and D.4  The interactions involved in chiral recognition are typically noncovalent 
and include H-bonding, coulombic, dipole-dipole, Van der Waals, hydrophobic and π – π 
interactions to name a few.  Chiral chromatographic separations rely on the formation of transient 
diastereomeric complexes between a chiral environment (active sites within the column such as 
chiral stationary phases) and one of the racemate components.  If the association complexes are 
sufficiently energetically unequal, the enantiomer that forms the less stable complex is eluted 
first.  Miyabe and coworkers17 recently investigated the chiral recognition ability of a series of 
poly(phenyl isocyanide)s with macromolecular helicity as chiral stationary phases for HPLC.  
The optically active polymers exhibited enantioseparation factors (taken as the ratio of the 
retention times of the two enantiomers) ranging from 1 to 1.55 for racemates of cyclic ethers, 
amines, ketones and methyl acetylacetonate complexes.  Hühnerfuss and Shah gave an excellent 
review on enantioselective chromatography containing a lengthy discussion on mechanisms of 
operation and an explanation of the key features of chromatograms using general principles of 
chirality.16  The main limitation of chromatography is its nonsuitability for gram-quantity scale-
up.13  All methods mentioned thus far are plagued by high energy consumption, steep cost, low 
efficiency and discontinuous operation.11 
Alternatively, membrane-based separations have generated immense interest1,7-11,15,13,18-
36 because of their attractive features such as economical, modular, easy to scale up and 
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continuous operation.20  A thorough survey of literature shows that both liquid and solid 
membranes have been prepared and assessed for applicability in chiral separations.  A 
comprehensive review by Xie and coauthors11 summarized the principles and recent progress in 
the preparation and application of enantioselective liquid and solid membranes for chiral 
resolution.  Liquid membranes are typically bulk water-oil-water (and occasionally oil-water-
oil)33 systems wherein liquid-liquid transport of one enantiomer is preferentially facilitated by 
chiral carriers within the liquid membrane that form soluble diastereomeric complexes.  For 
liquid membranes to be an appropriate means of separation, the solubility of the free enantiomers 
in the liquid membrane must be minimal while the solubility of the carrier and enantiomer-carrier 
complex has to be negligible in the adjacent phases.10  Glycopyranosyl derivatives,37 chiral crown 
ethers,26 chiral calixarenes modified with aminonaphthol moieties31 or amino alcohol 
functionalities,7 cinchona alkaloid derivatives,28 cyclodextrins,29,38 transition metal complexes 
bearing chiral ligands (such as Cu(II) N-dodecyl-(L)-hydroxyproline)23 and serum albumins33 
have been employed as chiral carriers for the separation of racemic mixtures of chiral drug 
enantiomers37 (such as ketoprofen and ibuprofen esters33),  amino acids26,28 and their 
derivatives,7,31 chiral ions such ephedrinium,38  pinenes29 and mandelic acid7,31 (an important 
intermediate reagent for asymmetric synthesis19).  Despite the simplicity of the set-up of most 
liquid membranes (typically a U-cell), such systems could present difficulties due to the 
instability of the liquid membrane.8 
Compared to liquid membranes, there is a much greater number of reports on utilizing 
solid membranes for chiral separations due to their durability.  An interesting aspect of solid 
membranes is that the mechanism of selective transport may vary from one racemate to another 
depending on the strength of interactions between the enantiomers and the chiral recognition sites 
within the membrane.  The terms vary across the literature, but the concepts can be summarized 
as follows.  Channel-type membranes resolve racemates on the basis of differing diffusion rates 
of the two enantiomers.11  Due to unequal binding affinities, one enantiomer will continuously 
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adsorb and desorb from one chiral site to the next such that its transport is said to be facilitated 
akin to a hopping mechanism.  The higher permeation of such an enantiomer34 leads to a 
diffusion-enantioselective mode of resolution.  To maximize chiral permselectivity, smaller pore 
diameters are desirable to minimize the nonenantioselective diffusion of the weaker-binding 
enantiomer.11  However, this translates into decreased permeability of the membrane and, 




ity and throughput is the main disadvantage associated with the use of membranes 
operating based on this mechanism.8   
The second mechanism of transport is affinity-based wherein the adsorbed enantiomer is 
retained within the membrane such that its transport becomes retarded.11  The other enantiomer 
passes through the membrane at higher flux because of its lower binding affinity.34  The 
substance-selector interactions are stronger than those in diffusion-selective membranes.  The 
separation efficiency of these adsorption-selective membranes is mainly determined by the 
availability of binding sites; upon saturation of chiral recognition sites, enantioselectivity is lost.11  
But unlike the former mechanism, retarded transport allows for high enantioselectivity while 
retaining high flux.  Other than the magnitude of the interactions between the analyte and the 
chiral environment, the choice of driving force for the mass transfer across the membrane can 
also affect the mechanism of enantioselective transport within the membrane.  The use of a 
pressure gradient circumvents the slow permeation commonly observed with dialysis membranes 
that rely on concentration gradients8 and can favor the membranes to function via the sorp
e mode.11  Enantioselective electrodialysis adopts a potential difference as a driving force 
and allows for tunable permselectivities by varying the applied potential difference.27,30,32,35  
The almost limitless choice of materials for preparing solid membranes contributes to the 
popularity of these systems.  These materials encompass the range of bioorganic, hybrid 
composites and inorganic.  The rapid development of polymer-based membranes has generated 
much work, which has been nicely reviewed by Higuchi et al.8  Chiral separation membranes 
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have been prepared from polymers that contain chiral centers either along the main chain or on 
the branches.  Inherently achiral membranes can gain optical activity either via molecular 
imprinting or by exploiting the one-handedness of helical conformations of polymers.  Amino 
acids such as aspartic acid35 and glutamic acid27 have been incorporated into polyamides as chiral 
moieties; lysine into polyurea32 and polysulfone,25 alanine derivatives30 and arginine20 into 
polysulfones.  Hollow fibers of polysulfone, polyvinylidene fluoride15 or propylene13 have been 
incorporated with tartaric acid or transition metal complexes with a chiral ligand as active chiral 
sites to form composite membranes.  Others have taken inspiration from living systems and 
prepared membranes from cellulose,19 nitrocellulose,22 marine polymers,24 polypeptides36 and 
immobilized DNA.1,34  Hu and Jiang39 uniquely demonstrated enantioselective transport using a 
protein crystal while Sueyoshi and colleagues21 prepared bionanoporous membranes from 
chicken feathers and egg shells, taking advantage of the collective chiral environment arising 
from L-amino acids in proteins.  Inorganic membranes composed of chirally imprinted 
mesoporous silica18 and zeolites with chiral structures40 have also been assessed for their 
potential in chiral separation processes.  Despite the diversity in the choice of components, very 
few materials have been established as standard systems for chiral separation, much less for 
industrial use.24  There is an obvious need for novel, intelligent designs of membranes and while 
the most important factor appears to be the nature of the chiral selector,41 optimization requires a 
system that allows manipulation of chiral selector (structure and density) among other variables 
that could affect membrane performance such as solvent polarity and solute concentration. 
We have decided to use silica colloidal crystals as a platform to address the challenges 
described above.  The introduction of chiral moieties into nanoporous inorganic solids results in 
new types of advanced functional composites with potential for chiral sensing and separation, 
stereospecific catalysis and photonics.18  Silica colloidal crystals are easily prepared by the self-
assembly of silica nanoparticles from solution and the resulting materials possess features that 
allow manipulation of the two key factors for chiral membranes, namely, porosity and chirality.  
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The close packing of spheres into a face-centered cubic (fcc) lattice creates ordered arrays of 
interconnected 3D nanopores whose sizes are tunable depending on the nanoparticle diameter.  
Silica colloidal crystal membranes are characterized by large surface area and pores of uniform 
size.  The facile surface chemistry of silica allows for covalent tethering of almost any moiety 
ranging from small molecules to polymers and biomolecules.  This chapter will describe the 
preparation and characterization of free-standing silica membranes (nanofrits) whose surfaces 
have been modified with chiral entities such as amino acid derivatives, thiacalixarene and poly(L-
alanine).  Using absorbance measurements to monitor diffusion through these membranes, we 






Chemicals.  Ammonium hydroxide (28-30% as NH3, EMD Chemicals, Inc.), 
tetrabutylammonium hydroxide (40% wt solution in water, Sigma-Aldrich), N,N-
diisopropylethylamine (99%, Sigma-Aldrich), triethylamine (≥99.5%, Sigma-Aldrich), 
hydroxylamine hydrochloride (Sigma-Aldrich), sodium hydroxide (Macron Chemicals), sodium 
bicarbonate (Mallinckrodt Chemicals), magnesium sulfate anhydrous (Mallinckrodt Chemicals), 
tetrachloroaurate(III) trihydrate (Acrōs  Organics), sodium citrate dihydrate (Alfa Aesar), sodium 
borohydride (Aldrich), copper(I) chloride (99.995+%, Sigma-Aldrich), L-cysteine (Aldrich), 
ferrocenecarboxaldehyde (98%, Aldrich), (R)-(+)- α-methylbenzylamine (98%, Aldrich), (S)-(-)-
 α-methylbenzylamine (98%, Aldrich), N-α-methyl-D-valine hydrochloride (H-D-MeVal-OH, 
Novabiochem), (R)-(-)-2-phenylglycine (99%, Aldrich), N-(3-aminopropyl)methacrylamide 
hydrochloride (Polysciences, Inc.), benzoyl chloride (99%, Aldrich), 3,5-dinitrobenzoyl chloride 
(98+%, Aldrich), EEDQ (99+%, Aldrich),  thionyl chloride (97%, Sigma-Aldrich), 
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tetraethylorthosilicate (99.999+%, Alfa Aesar), 3-aminopropyltriethoxysilane (99%, Aldrich), 
((chloromethyl)phenylethyl)-trimethoxysilane (Gelest, Inc.),  nitric acid (68-70%, ACS-grade, 
EMD Chemicals, Inc.), xylene (ACS, Fisher Scientific), ethanol (200 proof, ACS-grade, 
Pharmaco-Aaper), methanol (ACS Reagent, Sigma-Aldrich), dichloromethane (≥99.5%, Sigma-
Aldrich), anhydrous N,N-dimethylformamide (extra dry, Acrōs Organics), ether (VWR 
International), hexanes (Mallinckrodt Chemicals), toluene (Mallinckrodt Chemicals), and acetone 
(Fisher Scientific) were all used as received.  Millipore water (18 MΩ•cm) used in all 
experiments was obtained from a Barnstead “E-pure” water purification system.  Acetonitrile 
(HPLC 
 380 ZLS Zeta Potential/Particle Sizer (PSS•NICOMP 
article Sizing Systems).  Thermogravimetric analyses were performed using a TA Instruments 
 Thermogravimetric Analyzer. 
 
grade, VWR Scientific) and chloroform were freshly distilled from calcium hydride.  
Tetrahydrofuran (Mallinckrodt Chemicals) was freshly distilled from sodium/benzophenone.   
Instrumentation.  Scanning electron microscopy (SEM) images were obtained using 
either a Hitachi S3000-N or an FEI NanoNova instrument.  Transmission electron microscopy 
(TEM) images were obtained using an FEI Philips Tecnai T-12 instrument.  UV/Vis 
measurements were collected using an Ocean Optics USB2000 or USB4000 instrument.  A 
Branson 1510 sonicator was used for all sonications.  A Clay Adams Compact II Centrifuge 
(3200 rpm, Becton Dickinson) and ultracentrifuge Sorvall RC5B Plus (15000 rpm on a SA-600 
rotor) were used for all centrifugations.  A Fisher Scientific Isotemp Programmable Muffle 
Furnace (Model 650) was used for all sintering purposes.  A Carver Laboratory Press (Model C) 
was used for the preparation of all colloidal glass membranes.  All zeta-potential measurements 




Preparation of 220 nm silica spheres.  All silica spheres were prepared according to 
modifications of previously reported procedures.42,43  All glassware was cleaned with Millipore 
 70
water prior to use.  A batch of silica spheres was made by mixing 500.0 mL of an ethanolic 
solution containing TEOS (51.4 mL, 0.20 mol) with 500.0 mL of an ethanolic solution containing 
NH4OH (26.8 mL, 0.40 mol) and water (288 g, 16.0 mol).  These two solutions were poured 
simultaneously in a 2 L Erlenmeyer flask and vigorously stirred.  The resulting mixture had final 
concentrations of 0.2 M TEOS, 0.4 M NH3 and 16.0 M H2O.  The onset of turbidity after a short 
while indicated the start of silica sphere formation.  After 24 h, the mixture was then poured into 
15 mL centrifuge tubes (Corning) and centrifuged for 10 min.  The supernatant was discarded, 
leaving the spheres as pellets at the bottom of the centrifuge tubes.  Purification of the spheres 
was achieved by a repetitive cycle of suspending the spheres via sonication for 10 min followed 
by centrifugation for 10 min in a gradient series of 10 mL supernatant: 100% water, 25% ethanol, 
50% ethanol, 75% ethanol (twice) and 100% ethanol.  After the final rinsing, the supernatant was 
decanted and the silica spheres air-dried overnight.  The dried spheres were then preshrunk by 
transferring to a Petri dish (breaking any large aggregates with a spatula) and placing in a furnace 
programmed to heat the spheres for 4 h at 600°C44- 46  (desired temperature achieved at a heating 
rate of 20°C/min).  SEM images of the spheres were taken and the sizes were determined from 
100 indi
rnight at room temperature.  SEM images of the spheres were 
taken an
vidually measured spheres in each sample to be 230 ± 20 and 220 ± 20 nm in diameter 
before and after preshrinking, respectively (Table 3.1). 
Preparation of 350 nm silica spheres.  A batch of larger size silica spheres was also 
prepared and preshrunk using a modification of the procedure above.  The final concentrations of 
the reagents were 0.2 M TEOS (51.4 mL, 0.20 mol), 1.1 M NH3 (70.0 mL, 1.1 mol) and 17.0 M 
H2O (257 g, 14.3 mol) in an ethanolic reaction solution of total volume of 1.0 L.  The reaction 
mixture was stirred vigorously ove
d the diameter determined from 100 individually measured silica spheres to be 350 ± 20 
nm after preshrinking (Table 3.1). 
Preparation of 70 nm silica spheres.  A batch of smaller size silica spheres was also 
prepared according to literature.47  Briefly, a mixture of 24.2 mL NH4OH (0.40 mol) and 456.0 
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mL absolute ethanol was added to 15.2 mL TEOS (0.06 mol) in a 1-L Erlenmeyer flask.  The 
final concentrations of the reagents were 0.12 M TEOS and 0.8 M NH3 in a reaction solution of 
total volume of 0.5 L.  The reaction mixture was stirred vigorously overnight at room 
temperature.  The spheres were collected and washed by ultracentrifugation for 20 min at 4°C 
using a gradient series of 100% water, 50% ethanol and absolute ethanol (twice).  SEM images of 
Preparation of free-standing colloidal crystal membranes.  Ordered nanofrits were 
idal solutions of pre- 
 
Table 3.1.  Summary of preparation conditions and sizes of silica spheres. 
 
the spheres were taken and the diameter determined from 100 individually measured silica 
spheres to be 70 ± 7 nm after preshrinking (Table 3.1). 
 
prepared by vertical deposition onto a glass substrate of ~12 wt% collo
Measured diameter, nm 
 DLS SEM 
[TEOS] = 0.2 M, [NH3] = 0 ] = 16.0 M, 25 °C for 2.4 M, [H2O 4 h 
As made 224 ± 20 
Preshrunk  20 
160 ± 10 
[TEOS] = 0.2 M, [NH3] = 1 ] = 17.0 M, 25 °C for 2
227 ± 20 
213 ± 20 223 ±
Sintered  
.1 M, [H2O 4 h 
As made 388 ± 30 
Preshrunk  20 
2  
[TEOS] = 0.12 M, [NH3] = 0. 2O] = 1.74 M, 25 °C for 1
 
360 ± 30 346 ±
Sintered  52 ± 10
8 M, [H 8 h 
As made 66  69 ± 7 
reshrunk 57 ± 8 69 ± 7 







shrunk silica spheres in ethanol.  The resulting membranes were then gently lifted from the 
substrate and sintered in a furnace for 12 h at 1050°C.44-46  The sintered silica colloidal 
membranes were noticeably more robust and durable, making handling easier.  SEM images of 
these nanofrits were taken to give average diameters of 160 ± 10 nm and 250 ± 10 nm for the first 
and second silica samples respectively in the order of description above, as measured from 100 
individual spheres in each colloidal membrane (Table 3.1).  The thickness of each colloidal 
membrane was measured with a Vernier caliper at six different points throughout the piece.  To 
make frits, the pieces were then sandwiched between two PTFE washers (5.0 mm inner diameter, 
14.0 mm outer diameter and 1.0 mm thickness, Small Parts, Inc.) with Loctite Hysol 0151 Epoxy.  
Nanofrits constructed as such were allowed to cure for at least 24 h prior to use for diffusion 
experim
esulting materials were then sintered and made into the 
membra
furan, xylene, twice with water and finally twice with 
acetonit
ith Millipore water, 1 M nitric acid, 
methanol, Millipore water and acetonitrile consecutively. 
ents. 
Preparation of free-standing colloidal glass membranes.  Pressed frits were prepared 
in a hydraulic press by applying 7500 psi to loose, dry silica spheres contained in a die set with 
inner diameter of 12.0 mm.  The r
nes as outlined above. 
Surface modification with 3-aminopropyltriethoxysilane.  Silica samples immersed in 
30 mL dry acetonitrile were surface-modified by addition of 0.20 mL of 3-
aminopropyltriethoxysilane with stirring for 18 h under N2 (g).  The substrates were collected and 
washed with acetonitrile, tetrahydro
rile, followed by air-drying.   
Prior to performing this procedure on the sintered colloidal membranes, hydroxyl groups 
were reintroduced onto the surfaces by immersing the pieces in an aqueous pH 9.5 solution of 
tetrabutylammonium hydroxide (in a polyethylene bottle) maintained at 60°C for 24 h in an oil 
bath.44  The rehydroxylated pieces were then washed w
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Synthesis of (R)-2-benzoylamino-3-methylbutyric acid (1).  A mixture of N-α-methyl-
D-valine hydrochloride (1.2418 g, 7.4 mmol) and benzoyl chloride (0.820 mL, 7.0 mmol) was 
stirred for 5min in 50 mL dry CH2Cl2.  After the addition of N,N-diisopropylethylamine (1.20 
mL, 7.0 mmol), the reaction was stirred for another 24 h at room temperature.  The resulting pink 
solution was reduced to dryness followed by dissolution in 30 mL 1 M NaOH.  The aqueous 
solution was extracted with three portions of 200 mL ether.  The organic layer was evaporated to 
yield the crude product which was then purified via flash chromatography using a 50:50 ethyl 
acetate:hexane as mobile phase.  The enantiopure product was obtained as a yellow solid (average 
84.3% yield) whose 1H NMR spectrum is in good agreement with that of previous reports.48 
Surface-modification with compound 1.  Chiral molecule 1 was tethered onto the 
surfaces of aminated silica using a modification of literature.48  Briefly, 0.070 mmol of amines 
(aminated silica) was immersed in dry tetrahydrofuran followed by the addition of equimolar 
amounts of 1 (0.070 mmol) and N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) (0.070 
mmol) such that all species were 0.0645 M in solution.  After 24 h at room temperature, the silica 
were collected and rinsed with two 50 mL portions each of THF, CH2Cl2, water and acetonitrile.  
This chiral modification was performed twice.  The air-dried membranes were made into 
nanofrits as previously described. 
Synthesis of (R)-(3,5-dinitrobenzoylamino)-phenylacetic acid (2).  Compound 2 was 
prepared following a published procedure.49  A stoichiometric mixture of (R)-(-)-2-phenylglycine 
(0.8784 g, 5.75 mmol) and 3,5-dinitrobenzoyl chloride (1.301 g, 5.50 mmol) in 15 mL 
tetrahydrofuran was stirred for 1 week at room temperature.  The resulting cream-colored mixture 
was evaporated followed by dissolution in 25 mL 5% aqueous NaHCO3.  The solution was 
acidified to pH 5 and extracted with two portions of 50 mL ether.  The organic layer was dried 
over anhydrous MgSO4 and evaporated to yield a cream-colored solid (average 17.7% yield) 
whose 1H NMR spectrum was identical to literature report.   
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Surface-modification with compound 2.i  Chiral molecule 2 was installed onto the 
surfaces of aminated silica as described for compound 1.  The air-dried membranes were then 
made into nanofrits in the same manner above. 
Synthesis of (R)-N-(2-(3-methacrylamidopropylamino)-2-oxo-1-phenylethyl)-3,5-
dinitrobenzamide (3).  Compound 2 was converted into a monomer stuitable for atom transfer 
radical polymerization (ATRP) as follows.  Compound 2 (0.3358 g, 1.0 mmol) and EEDQ 
(0.2436 g, 1.0 mmol) were co-dissolved in 5.50 mL DMF to give a brown mixture.  In a separate 
flask, N-(3-aminopropyl)methacrylamide hydrochloride (0.1739 g, 1.0 mmol) was dissolved in 
2.00 mL DMF containing N,N-diisopropylethylamine (0.33 mL, 2.0 mmol).  The two mixtures 
were combined to give a darker brown solution which was stirred for 20 h at room temperature.  
The solvent was removed in vacuo to give the crude product as brown oil.  The final product was 
obtained as a viscous oil (average 58.2% yield) from flash chromatography (75:25 ethyl 
acetate:hexanes).  1H NMR (300 MHz, CDCl3):  δ 9.13 (s, 1 H), 9.12 (s, 1 H), 8.88 (s, 1 H), 8.23 
(d, 1 H), 8.18 (d, 1 H), 7.95 (s, 1 H), 7.73 (t, 1 H), 7.56 – 7.27 (m, 3 H), 5.74 (d, 1 H), 5.68 (s, 1 
H), 5.28 (s, 1 H), 2.92 (s, 2 H), 2.85 (s, 2 H), 1.89 (s, 2 H). 
Surface modification with ATRP initiator.  Silica substrates (loose spheres and 
rehydroxylated membranes) immersed in 30 mL toluene were surface-modified by addition of 
0.40 mL of ((chloromethyl)phenylethyl)-trimethoxysilane with stirring at 70°C for 18 h under N2 
(g).  The substrates were collected and washed with 100 mL each of toluene, methanol, CH2Cl2 
and toluene, followed by air-drying.  The process was repeated for the membranes. 
Surface-initiated ATRP of compound 3.  The initiator-modified silica samples were 
immersed in 8.0 mL DMF solution of monomer 3 (0.469 g, 1.0 mmol).  In a separate flask, CuCl 
(0.9 mg, 0.009 mmol) was added to Me6TREN (0.08 mL, 0.03 mmol) in 2.0 mL DMF to give a 
green-colored solution.  All mixtures were subjected to four freeze/pump/thaw cycles followed by 
                                                 
i Prepared by Julie Cichelli, University of Utah 
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equilibrating at 70 °C prior to mixing.  The two mixtures were combined and the polymerization 
was carried out at 70 °C to give pale, beige-colored substrates.  The polymerization time was 
varied from 5 to 40 min for the loose spheres and from 20 to 40 min for the ordered membranes.  
The reaction was quenched by rinsing with 100 mL portions of methanol (twice), water (twice) 
and acetone.  The air-dried membranes were then made into nanofrits in the same manner above. 
Surface modification with thiacalix[4]arene.  The thiacalix[4]areneii  4 (0.0384 g, 0.03 
mmol) was activated for surface-tethering by addition of thionyl chloride (0.655 mL, 27 mmol).  
The resulting deep orange mixture was refluxed for 1 h followed by solvent removal under 
vacuum.  The activated thiacalix[4]arene 5 was dissolved in 2.0 mL dry THF and added to 
aminated silica (0.3449, 0.1 mmol amines) immersed in 3.0 mL dry THF that has been bubbled 
with N2 (g) for 30 min prior.  The resulting mixture was kept in an inert atmosphere and stirred 
for 20 h at room temperature.  The surface-modified samples were rinsed twice with 100 mL 
portions each of THF and CH2Cl2.  The air-dried membranes were then made into nanofrits in the 
same manner above. 
Surface modification with poly(L-alanine).iii  The monomer L-alanine N-
carboxyanhydride 6 was prepared following a known method.50  A 25 mL CH2Cl2 solution of N-
tert-butyloxycarbonyl alanine (0.95 g, 5.0 mmol) under N2 (g) was cooled to 0°C in an ice bath.  
The reaction mixture was kept at 0°C and stirred for 4 h after addition of PCl3 (0.524 mL, 6.0 
mmol).  The solvent was removed in vacuo and the residue was rinsed thrice with 20 mL CCl4 to 
yield 6.  Graft polymerization was carried out onto aminated silica samples which have been pre-
soaked in DMF for 6 h prior.  Compound 6 (0.01 g, 0.09 mmol) was dissolved in 20 mL DMF 
containing the aminated silica.  The polymerization time was varied from 5 to 60min and the 
polymer-modified substrates were washed twice with 100 mL water.  The air-dried membranes 
were then made into nanofrits in the same manner above. 
                                                 
ii Prepared by Arkady Zhukov, Kazan State University 
iii Prepared by Alexis Abelow, University of Utah 
 76
Preparation of 3 nm Au nanoparticles.  Gold nanoparticles of nominal size 3nm were 
prepared according to literature.51  Briefly, 90.0 mL of a 0.27 mM HAuCl4•3H2O aqueous 
solution was mixed with 2.0 mL 1% sodium citrate aqueous solution with stirring.  After a  
, 1.0 mL of freshly prepared 0.075% NaBH4 in 1% sodium citrate solution was added and 
the mixture stirred for another 5 min.  The reaction temperature was maintained constant at 4°C.  
This stock solution of Au nanoparticles was then stored in the refrigerator.  TEM images 
indicated that the nanoparticles were prone to aggregation, leading to particles with sizes ranging 
from about 8 to 40 nm in diameter. 
Preparation of Au-coated silica spheres.  To form Au-coated silica spheres, the 350nm 
aminated particles were poured into a 250-mL Erlenmeyer flask, to which then 200 mL of a Au-
plating solution (0.1% w/w HAuCl4 in 0.40 mM NH2OH•HCl) was added with vigorous stirring 
for 30 min.  The colloidal solution turned into a deep purple color as Au shells were chemically 
deposited onto the surface of the silica spheres.  The Au-coated spheres were collected in 15-mL 
Corning tubes, centrifuged and rinsed repetitively with deionized water at least five times.  The 
modified spheres were dried under a stream of N2 (g) to give a violet-colored powder.  TEM 
images confirmed the formation of a Au coat of uniform thickness and relatively smooth surface 
around the silica spheres.  The thickness of the Au shell was estimated to be ca. 20 nm based on 
comparison of SEM images of aminated and Au-coated particles. 
Preparation of free-standing Au-coated colloidal crystal membranes. The nanofrits 
were prepared as described for preshrunk silica spheres, with some slight modifications.  The 
resulting membranes were sintered in a furnace for 10 h at 1000°C (desired temperature achieved 
at a heating rate of 5°C/min).  SEM images of the nanofrits were taken to give an average 
diameter of 340 ± 10 nm as measured from 100 individual spheres in each colloidal membrane.   
Surface modification with L-cysteine.  L-cysteine chemisorption onto the Au surface 
was achieved according to literature.52  Briefly, sintered membranes of Au-coated silica spheres 
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were immersed in a 2 mM solution of L-cysteine in 80% ethanol for 24 h with gentle stirring in 
an inert atmosphere.  The membranes were then rinsed with ethanol and dried in air prior to 
nanofrit production.   
Syntheses of ferrocen-2-yl methyl-(1-phenyl-ethyl)-amine (7R and 7S).  The chiral 
probes 7R and 7S were prepared according to literature.53  Ferrocenecarboxaldehyde (1.07 g, 5.0 
mmol) was dissolved in 70 ml dry CHCl3 containing either R or S enantiomers of α-
methylbenzylamine (0.64 mL, 5.0 mmol) and NEt3 (0.70 mL, 5.0 mmol).  The mixture was 
refluxed for 3h under N2 (g).  The solvent was removed in vacuo to give the intermediate imine as 
a red-orange solid, which was then dissolved in 50 mL methanol maintained at 0°C using an ice 
bath.  NaBH4 (0.7692 g, 20 mmol) was gradually added to the mixture.  After stirring for 30 min, 
50 mL 1 M NaOH was added to the reduced solution followed by extraction with three 100 mL 
portions of CHCl3.  The organic layer was evaporated to afford the enantiopure 7R or 7S as a 
viscous dark brown oil (average 92 to 100% yield) whose 1H NMR spectra matched published 
reports. 
Diffusion measurements through nanofrits.  Diffusion experiments through the 
colloidal membranes were performed by placing a nanofrit between two connected 1-cm quartz 
cuvettes.  The feed cell contained 4.0 mL acetonitrile solution of 50 mM 7R or 7S while the 
reservoir cell contained 4.0 mL acetonitrile.  The nanofrit was placed between two Kalrez o-rings 
to guard against leaking, and the whole assembly was then secured with a clamp.  Each cell was 
covered with Parafilm to minimize evaporation, and the contents of both cells continually stirred.  
The reservoir cell was placed between two fiber optic cables and was initially blanked.  The flux 
was monitored by recording the absorbance at 441 nm in the reservoir cell for at least 4 h.  Data 
points were acquired every 150 s with an initial delay of 150 s.  Prior to using a nanofrit for a new 
trial, the pieces were immersed in fresh acetonitrile for at least two days and the solvent replaced 
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occasionally to ensure removal of any previous probe molecule from within the colloidal 
membrane. 
  
Results and Discussion 
Preparation of free-standing membranes 
Silica colloidal crystals were prepared by vertical deposition and subsequent sintering 
resulted in robust, free-standing ordered nanofrits (Figure 3.1) that are relatively defect-free.  The 
molecular transport through such membranes occurs normal to the (111) plane of the fcc-packed 
structure.  Diffusing species enter the crystal through the concave triangular openings between 
adjacent silica spheres.  From a geometric consideration, these colloidal nanopores have a 
‘radius’ (defined as the distance from center of the interstitial void projection to the surface of the 
nearest sphere) that is ca. 15% of the sphere radius.54  This is different from the distance from the 
center of the tetrahedral void to the nearest sphere surface, which is 22.5% of the silica sphere 
radius.55  Silica colloidal crystal membranes composed of 160 and 250 nm spheres contain 
nanopores of 12 and 18.75 nm ‘radii’, respectively. 
The preparation of colloidal crystals from sub-100 nm spheres was also attempted but the 
resulting pieces were of insufficient size for the purpose of creating membranes.  Alternatively, 
the 70 nm silica spheres were packed using a hydraulic press and subsequent sintering resulted in 
a new type of robust, free-standing nanofrits.  Due to the lack of both long- and short-range order 
that typically accompanies self-assembly, the membranes were amorphous (Figure 3.2) and were 
labeled as colloidal glass membranes.  Because individual spheres were not close-packed, it is 
difficult to define pore characteristics such as shape, size and distribution.  The well-known 
values of intrinsic colloidal crystal properties, void fraction ε and nanopore tortuousity  τ (0.26 
and ca. 3, respectively), were not necessarily applicable to colloidal glass membranes.  Nanopores 





Figure 3.1.  SEM image of a sintered colloidal crystal membrane made from 230 nm silica 






Figure 3.2.  SEM image of a sintered colloidal glass membrane made from 230 nm silica spheres 
(scale bar = 1000 nm). 
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possibly approaching a linear geometry akin to nanochannels.  Overall, higher flux may be 
expected of colloidal glass membranes compared to the more compact, ordered colloidal crystal 
membranes prepared from the same-size silica spheres.  However, it is possible that with the use 
of significantly smaller component spheres, the void fraction could nevertheless be reduced to 
decrease the bulk diffusion through the material. 
The molecular flux Jcolloid (mol⋅sec-1⋅cm-2) through the nanofrits can be calculated from a 
solution of Fick’s first law (Equation 3.1): 
 




     (3.1) 
 
where Deff is the effective diffusion coefficient (cm2/sec) for a particular species and ΔC is the 
concentration gradient across the membrane of thickness L.  This equation is suitable for dialysis 
membranes where the concentration gradient is the driving force for mass transfer from regions of 
high concentration to regions of low concentration.56  Alternatively, the flux can be determined 
using Equation 3.2:  
 
S   colloidD ×= JR                (4.2) 
 
by measuring the diffusion rate RD (mol⋅sec-1) through a nanofrit of known area S (cm2).  In this 
work, RD values were obtained by recording the number of moles of the diffusing probe 7 that 
diffused through the nanofrits as a function of time.  Values of Deff were calculated to account for 
the void fraction and the tortuousity (Equation 3.3): 
 
soleff     DD ×= τ
ε
      (4.3) 
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where Dsol is the diffusion coefficient of the analyte in free solution.  All calculations were 
similarly performed for both ordered and pressed nanofrits, despite the inaccuracy of the equation 
for the latter.  The difference in magnitudes of the Deff values could be used to assess the 
deviation of nanopore characteristics for colloidal glass membranes from the well-defined ones 
for ordered close-packed systems. 
 
Surface-modification with small molecules 
To determine whether chiral permselective molecular transport could be achieved with 
the nanofrits, we modified the surfaces of the nanopores with small molecule chiral recognition 
units 1 and 2 via the facile amide bond formation between amines on the silica surface and the –
COOH moieties on the amino acid derivatives (Figures 3.3a, b).  To date, numerous works on 
enantioselective transport concerning amino acids and their derivatives have been reported10 
because these chiral molecules are involved in a wide variety of biological processes and are 
frequently employed in the synthesis of pharmaceutical intermediates, especially protein-based 
drugs.57  Earlier work in our group has demonstrated excellent chiral permselectivities of 4.5 and 
2.2 for nanoporous thin films surface-modified with 1 and 2, respectively, as measured via cyclic 
voltammetry (CV) for the redox-active chiral probes 7S and 7R.48   
These surface modifications were also carried out in colloidal solution to model the 
covalent modification of nanopore surfaces within the membranes and to facilitate 
characterization using colloidal techniques.  Comparison of the IR spectra (Figure 3.4) for bare 
and aminated loose spheres showed the successful coverage of silica surfaces with silamines, 
evidenced by the appearance of alkane C-H and N-H stretches at 2850 cm-1 and ca. 2975 – 2900 
cm-1, respectively.  The weakened intensity of the N-H stretches in the spectrum of 1-modified 
samples indicated the successful coupling of the selector (the resulting amide has an imine 





Figure 3.3.  Schematic for the surface modifications of silica: (A) amination, (B) installment of 
small molecule chiral moieties 1 and 2 and (C) polymerization of 3 from a suitable surface-bound 
initiator, (D) installment of macromolecular chiral moiety 5 and (E) polymerization of 6 from a 











measurements, which showed an increase in hydrodynamic diameter from 420 ± 60 to 450 ± 80 
nm for bare and aminated silica spheres, respectively.  As expected of a small-molecule modifier, 
the diameter remained the same as that of amine-modified spheres.  Thermogravimetric analysis 
(TGA) was employed to quantify the surface coverage with 1, summarized in Table 3.2, for loose 
silica spheres.  Comparison of derivative TGA curves (Figure 3.5) for aminated and 1-modified 
samples showed that % weight loss from 494 to 602 °C may be attributed to the degradation of 
silamines, while 1 was lost from 227 to 494 °C.  Calculated surface densities confirmed the 
formation of thin polymeric layers of silamines and complete monolayer coverage with 1 
(estimated from a maximum of 4 –NH2 groups/nm2). 
Figure 3.6 shows the flux of the chiral probes 7S and 7R through 1-modified ordered frits 
of 18.75 nm pore radius.  Permselectivity α was calculated as the ratio of the Deff values of 
enantiomers with faster transport compared to its slower antipode.  A calculated permselectivity 
of 1.31 S/R revealed that 7S was better transported through 1R-modified colloidal crystal 
membranes.  Table 3.3 summarizes the calculated Deff values and it was confirmed that flux 
became higher through colloidal glass membranes formed from the same-size silica sphere.  
Comparison of the Deff values showed a two-fold increase in transport rates going from an 
ordered to a random system.  This increase in throughput came at the cost of enantioselectivity as 
bulk diffusion dominated the transport mechanism.  The use of colloidal glass membranes from 
smaller component spheres (12 nm pore radius) resulted in reduced diffusion rates but was 
accompanied by a recovery of enantiopermselectivity, which confirmed that minimization of non-
enantioselective diffusion was critical for optimal separations.  This suggested that these nanofrits 
were operating based on a diffusion-enantioselective mode wherein the facilitated transport of 7S 
was attributed to its preferential diastereomeric complexation with 1R albeit with a weak enough 








































































































Table 3.2.  Summary of TGA results. 
Surface modifier Diameter (nm) % Weight loss Surface density 
(molecule per nm2) 
Silamines  250 1.55% from 498 to 613 °C 28 –NH2 (∼6 layers) 
1 250 0.99% from 200 to 491 °C 4.1 (monolayer of 1) 
4 70 2.83% from 214 to 385 °C 0.27 compound 4 
2.31% from 385 to 724 °C 4.9 –NH2 (monolayer) 
250 0.72% from 236 to 439 °C 0.48 compound 4 
0.73% to 661 °C 11 –NH2 (∼3 layers) 
Poly(3) initiator 250 1.59% from 150 to 800 °C 4.5 (monolayer) 
Poly(3) 5min 250 1.17% from 95 to 455 °C 1.1 selectors (n ∼ 1) 
Poly(3) 20min 250 1.35% from 96 to 453 °C 13 selectors (n ∼ 13) 
Poly(L-ala) initiatora 160 0.09% from 150 to 600 °C 0.46 –NH2 
Poly(L-ala) 20mina 160 0.99% from 150 to 600 °C 5.7 selectors (n ∼ 12) 




Figure 3.7 illustrates the steroespecific interactions between 1R and the R and S 
enantiomers of the diffusing chiral probe.  In the diastereomeric complex of 1R with 7S, the –
COOH group on the chiral selector interacted with the phenyl substituent on the chiral C of 7S 
while the benzoylamino substituent on 1R interacted with the ferrocen-2-yl methylamino group 
on 7S.  The latter consisted of π - π interactions between the benzoyl and cyclopentadiene (Cp) 
rings in addition to a likely H-bond between the amidyl O of 1 and N—H on 7S.  In contrast, 
favorable interactions between 1 R and 7R include a possible H-bond between the –COOH and 















Table 3.3.  Summary of calculated effective diffusion coefficients and chiral permselectivities 
through colloidal crystal membranes. 
Surface modifier Pore radius 
(nm) 
Deff (cm2/sec × 10-5) Selectivity 
S R 
1  18.75 2.3 ± 0.4 1.7 ± 0.2 1.31 ± 0.08 S/R 
1a 18.75 4.4 ± 0.6 4.5 ± 0.4 1.0 ± 0.2 S/R 
1a 12 1.64 ± 0.01 1.4 ± 0.1 1.2 ± 0.1 S/R 
4  18.75 4 ± 2 3.1 ± 0.2) 1.3 ± 0.1 S/R 
Poly(3) 20min  18.75 2.4 ± 0.8 2.3 ± 0.5 1.1 ± 0.1 S/R 
Poly(3) 40min   18.75 3.2 ± 0.4 2.4 ± 0.4 1.32 ± 0.04 S/R 
Poly(L-ala) 5min 12 2.59 ± 0.03 2.52 ± 0.07 0.97 ± 0.03 R/S 
Poly(L-ala) 10min 12 2.8 ± 0.1 2.6 ± 0.1  0.91 ± 0.05 R/S 
Poly(L-ala) 30min  12 1.9 ± 0.4 2.2 ± 0.5 1.14 ± 0.05 R/S 
Poly(L-ala) 60min 12 0.29 ± 0.06 0.33 ± 0.03 1.1 ± 0.3 R/S 
L-cys on Au 21 2.3 ± 0.4 2.4 ± 0.6 1.0 ± 0.1 S/R 




With the use of 2 as chiral selector, the observed S/R selectivity was enhanced to ca. 
1.75.iv  This suggested that the  π - π interactions between the benzoylamino and ferrocen-2-yl 
methylamino groups in the 1R-7S diastereomeric complex was responsible for the apparent 
binding preference for 7S over 7R.  The presence of the electron-withdrawing –NO2 groups can 
enhance the π-acidity of the benzoyl ring while the proximity of an amino group to the ferrocenyl 
moiety could favor the π-donor ability of the Cp rings. 
                                                 




Figure 3.6.  Comparison of the flux of 7S (blue) and 7R (red) through 1-modified ordered frits 






Figure 3.7.  Stereospecific interactions between 1 and the diffusing chiral probe 7 included 
hydrophobic (blue) and π-π (red).  The use of 2 (S/R 1.75) enhanced the π-acid/base interaction in 




Overall, comparison of α values to earlier results obtained via CV48  showed that 
nanofrits possessed lower chiral recognition abilities.  This was attributed to a reduced surface 
density of chiral modifiers compared to silica surfaces in thin films that were not subjected to 
thermal sintering.  Some surface silanols were irreversibly lost even with rehydroxylation as a 
result of the condensation of Si-O-Si bonds that fuse neighboring silica spheres at points of 
contact.  Also, in the case of 2R-modified frits, the permselectivity was reversed into S/R 
compared to an R/S value of 2.16 for the corresponding thin film.  This phenomenon has been 
commonly reported in literature upon switching from a concentration gradient to an applied 
potential difference as the driving force for enantioselective mass transfer.27,32,35 
 
Surface modification with a thiacalixarene 
Calixarenes are well-studied selective receptors for a variety of cations, anions and 
neutral molecules.  In a recent work in our group,58 we have demonstrated that non-covalent 
interactions with a charged transition metal complex such as [Fe(bpy)3]2+ resulted in surface-
facilitated transport whereas neutral species such as ferrocene(dimethanol) experienced a simple 
diffusive transport.  Sirit and coworkers have thoroughly investigated calixarene derivatives 
whose lower rims have been functionalized with chiral moieties such as tartaric ester6 and amino 
alcohol functionalities7 such as aminonaphthol units31 for applications that rely on chiral 
recognition.  The rigidity of the microenvironment of the cavity as well as the nature of the chiral 
substituents were found to be critical for enantiomeric recognition.26 
In this work, thiacalix[4]arenes in ‘cone’ conformation and bearing chiral centers in each 
of the pendant chains at the bottom rim have been employed as chiral selectors for our nanofrits 
with the intention of exploiting the host-guest interactions between the surface-bound chiral 
thiacalixarene and diffusing enantiomers as a basis for chiral permselectivity.  Chiral 
thiacalixarene 4 has methyl alanine components on its lower rim which are capable of non-
covalent interactions such as H-bonding in addition to π - π stacking, alkyl - π and other Van der 
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Waals’ forces with its cone.  The tethering onto the nanopore surfaces was achieved by 
conversion of the –COOH groups into acyl chlorides that were reactive with the surface amines 
(Figure 3.3d).  The reaction was monitored by DLS, which showed a decrease in hydrodynamic 
diameter from 380 ± 60 to 370 ± 70 nm for aminated and 4-modified loose silica spheres, 
respectively.  This can be explained as the result of poor hydrosolvation around the now 
hydrophobic surfaces of the modified silica due to the t-butyl phenyl groups on the upper rim of 
the macrocycle.  Table 3.2 shows that, according to TGA, the chiral macromolecular selectors are 
grafted within the nanopores with significantly lower surface densities (ca. 0.5/nm2) compared to 
small molecule modifiers.  Low surface coverage is commonly observed with large molecules;58 
with increased relative size of the macrocycle compared to the silica sphere, fewer contact points 
are possible since the steric bulk of the cone would prevent compact packing of the modifier onto 
the silica surface.  Comparison of derivative TGA curves (Figure 3.8) for aminated and 4-
modified samples showed that % weight loss from 236 to 439 °C corresponds to the combustion 
of thiacalixarenes. 
Figure 3.9 compares the flux of 7S and 7R through 4-modified colloidal crystal 
membranes of 18.75 nm pore ‘radius’.  The values of Deff (Table 3.3) demonstrated the chiral 
recognition ability of the system that allowed for the preferential transport of 7S over 7R.  The 
slightly higher Deff values for both 7S and 7R compared to 1- and 2-modified membranes could 
be indicative of weaker interactions between the chiral macrocycle and the diffusing enantiomers.  
The modest selectivity (1.3) may have been the effect of having bulky t-butyl groups on the upper 
rim of the cavity, which might have hindered access to the chiral environment near the silica 
surface.  The average enantioselectivity for the membranes was slightly lower and opposite to 










Figure 3.8.  Comparison of the TGA curves for (Top) aminated and (Bottom) 4-modified silica. 
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Figure 3.9.  Comparison of the flux of 7S (blue) and 7R (red) through 4-modified ordered frits 





Surface modification with chiral polymers 
To enhance the number of chiral recognition sites per unit surface area, polymers bearing 
chiral centers either on the side chains (3, Figure 3.3c) or along the main chain (6, Figure 3.3e) 
have been grown from covalently-bound initiators.  Another advantage of polymeric surface-
modifiers is that the growth of sufficiently long chains that would occupy the nanopore volume 
could help minimize nonenantiospecific diffusive transport through the nanopores so as to 
enhance the efficiency of chiral separation.  As with the thiacalixarene, 2 had to be converted into 
a suitable species prior to polymerization.  We took advantage of the well-established polymer 
chemistry of acrylamides to convert 2 into the polymerizable species 3.60,61 
A silane initiator followed by treatment with the monomer in the presence of a copper(I) 
catalyst.  TEM images (Figure 3.10) clearly show the success of the polymerization via the 
appearance of a uniform organic coating enveloping each individual nanoparticle compared to the  
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Figure 3.10.  TEM images of (Left) unmodified silica (scale bar = 50 nm) and (Middle, Right) 





noticeably smoother surface of initiator-modified loose spheres.  SEM images (Figure 3.11) 
revealed that the subsequent surface modification with polymer chains perturbed the order of the 
top layer of the colloidal crystal membrane (nanopore ‘radius’ 18.75nm).  The polymer growth as 
a function of polymerization time was monitored by DLS and TGA, and the polymer brush length 
and degree of polymerization n were estimated (Tables 3.2 and 3.4).  The TGA curves showed 
increasing % weight loss with increasing ATRP time (Figure 3.12), particularly within 100 to 450 
°C where the bulk of the polymer decomposed.  Comparison of the derivative TGA curves 
supported this assignment, while the silane initiator was degraded into inert SiO2 at higher 
temperatures with the peak occurring at ca. 500 – 600 °C. 
To determine if an increase in the number of available chiral recognition sites per unit 
surface area would lead to improved enantioseparation efficiencies, we studied the diffusion of 
the chiral probes 7S and 7R through ordered membranes containing polymers of 3 grown for 20 
and 40 min.  Figure 3.13 shows the preferential transport of 7S over 7R, in agreement with the 
observed permselectivity for the monomer-modified nanofrit.  The obtained S/R selectivity  
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increased with doubled polymerization time (Table 3.3); however, the values were modest and 
were actually lower than those for small molecule-modified membrane.  This was consistent with 
our other findings in an unpublished report62 wherein the observed permselectivities remained 
approximately the same for colloidal thin films modified with small-molecule and polymer brush 
chiral selectors.  We believe that enantioselectivity may be an intrinsic transport property that 




Figure 3.11.  SEM images of (Left) initiator-modified and (Middle) poly(3)-modified for 20 min 




Table 3.4.  Poly(3) brush lengths as measured by DLS in acetone. 
 Diameter (nm) Δr (nm) 
Preshrunk 193 ± 40 (-2) 
Initiator-modified 195 ± 40 0 
5 min ATRP time 216 ± 40 11 
20 min ATRP time 328 ± 60 67 
30 min ATRP time 393 ± 90 99 








Figure 3.12.  Comparison of the TGA curves for (Top) initiator- (solid) and poly(3)-modified 
silica for 40 min (dashed); (Bottom) TGA of initiator-modified (black)silica spheres with poly(3) 
grown from the surface for 10 min (blue), 20 min (green) and 40 min (red). 
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Figure 3.13.  Comparison of the flux of 7S (blue) and 7R (red) through poly(3)-modified (40 





2-modified membranes, the S/R preference was likewise opposite to an R/S 2.20 ± 0.40 selectivity 
obtained via CV analysis for thin films modified with the same chiral brushes. 
We also employed polymers of the enantiopure amino acid L-alanine as chiral 
recognition units within nanopores of ‘radius’ 12 nm (Figures 3.3e, 3.14).  Summarized results 
from TGA (Table 3.2) demonstrate that poly-L-alanine chains with n = 12 (similar to chain 
lengths from monomer 3 grown for the same time) were successfully polymerized within 20 min 
from the nanopore surfaces with a grafting density of about 0.5/nm2.  Table 3.3 shows the general 
trend of decreasing Deff values for both enantiomers of the chiral probe 7 with increasing graft 
polymerization times, indicating the continuous growth of poly-L-alanine chains.  The inverse 
relationship between flux and calculated enantiopermselectivities suggested that poly-L-alanine-
modified colloidal crystal membranes were also operating on a diffusion-enantioselective mode 
wherein 7R was preferentially transported over 7S.  The poor selectivities (even for up to an hour 
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Figure 3.14.  SEM images of (Left) aminated sintered silica colloidal crystal membrane with 





of polymerization) emphasized the importance of choosing an optimized structure for the chiral 
selector.  Poly-L-alanine does not possess moieties capable of π-π interactions with the diffusing 
probe 7, thus explaining the low chiral recognition efficiencies.  The little of enantioselectivity 
that was observed can be attributed to the inherent chirality and H-bonding ability of the polymer.  
Our previous studies of a similar polymerization on silica nanospheres showed no evidence of α-
helical formation for poly-L-alanine according to circular dichroism experiments.50  The R/S 
selectivity of 1.13 for the 1 h-modified membranes was opposite to the S/R permselectivity of 1.5 
measured via CV for colloidal thin films grown with poly-L-alanine brushes for the same 
duration.62 
 
Surface modification of gold-coated colloidal crystal membranes 
In an effort to broaden the scope of this work, we have also prepared free-standing 
membranes from individually gold-coated silica spheres of diameter 280 ± 10 nm (pore ‘radius’ 
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of 21 nm).  This system was chosen as an alternative to silica because gold surfaces offer doubled 
maximum grafting densities (up to 10 thiol modifiers/nm2) compared to the maximum of 5/nm2 
for silica.  In the previous chapter, we demonstrated that coating the silica spheres with a gold 
shell did not appear to affect the self-assembly from a colloidal solution into an fcc lattice.  We 
modified our gold-coated nanopores with a self-assembled thiol monolayer of the enantiopure 
amino acid L-cysteine as chiral selectors (Figure 3.15).  Figure 3.16 and calculated Deff values 
(Table 3.3) for 7S and 7R showed that these membranes have negligible chiral recognition ability 
for the diffusing probe despite the chirality of the selector and its H-bond formation capabilities.  
This is most likely the result of both poor quality of L-cysteine as a chiral selector, due to the 
absence of moieties capable of π-π interactions with the diffusing probe 7. 
 
Conclusions 
 In this chapter, we have described chiral free-standing nanofrits with ordered (colloidal 
crystal membrane) or random (colloidal glass membrane) nanopores of different size.  We 
achieved this by the covalent modification of silica surfaces with small molecules such as amino 
acids, a macrocycle capable of host-guest interactions (specifically a thiacalixarene derivative) 
and polymer chains of derivatized amino acids.  Permselectivity values revealed that diffusion-
enantioselectivity is the dominant mode of operation in these membranes, based on facilitated 
transport (as opposed to retarded transport) of one enantiomer.  Comparison of chiral 
permselectivities obtained through small- vs. polymer-modified membranes showed negligible 
improvement despite an increase in the number of available chiral recognition sites per unit 
surface area.  This suggests that the chiral selector structure is the most important factor 
controlling the selectivity, along with nanopore size. 
The obtained chiral permselectivity values ranged from ca. 1.2 to 1.75, which put the 
performance of our composite organic-inorganic membranes on par with most polymer-based 





Figure 3.15.  SEM image of sintered colloidal crystal membrane composed of gold-coated silica 






Figure 3.16.  Comparison of the flux of 7S (blue) and 7R (red) through L-cysteine-modified 
gold-coated ordered frits with 21 nm pore ‘radius’. 
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offers the advantage of durability and ease of preparation (two problems polymer and bulk liquid 
membranes).  To the best of our knowledge, this is the first example of silica-based free-standing 
membranes bearing chiral functionalities for direct binding (as opposed to molecular 
imprinting)18  of enantiomers for the purpose of semi-preparative-scale chiral separations.  To 
achieve better separations, it would be possible to employ a multi-stage cascade of membranes.34 
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SIZE-SELECTIVE TRANSPORT OF DENDRIMERS  




  One of the most useful means of separating molecules based on their size (specifically, 
according to their hydrodynamic volume) is size exclusion chromatography (SEC).1  However, 
the resolution of SEC columns is affected by the manner in which the column is prepared and 
used.  To achieve good separations, proper column packing as well as a good pouring technique 
and column maintenance must be performed.2  Indeed, overpacking can diminish pore size within 
the beads while underpacking can cause smaller molecules to elute more easily along with the 
bulk of the solvent rather than being trapped in the pores.   In addition, the presence of a solvent 
head at the top of the column can broaden the elution band as the sample is diluted upon loading.  
These problems can be circumvented by using membranes.  In addition, one need not monitor the 
separation process when employing membranes because there is no need to continually add more 
of the mobile phase, thereby also making the separations easier. 
The over-all goal of this project is to apply free-standing nanoporous colloidal 
membranes (nanofrits) to the separation of biologically important molecules, which will be 
discussed in Chapter 5.  In a proof-of-concept experiment, polyamidoamine (PAMAM) 
dendrimers have been chosen as diffusion probes.  Dendrimers are highly suitable for this 
purpose due to their high monodispersity and well-defined molecular architecture.3  Because 
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dendrimers are available in sizes ranging from 2-20 nm, they are good diffusion probes for 
nanoporous structures.  For example, determination of the largest size dendrimer that can diffuse 
through a colloidal membrane may be used to define the effective nanopore size.4  Full 
generation (G1, G2, etc.) PAMAM dendrimers are terminated with primary amine groups, which 
are readily subjected to standard dye-labeling methods.5  
This chapter describes the preparation of nanoporous colloidal membranes using the 
vertical deposition method by self-assembly of silica spheres of 260 – 430 nm diameter from a 
colloidal solution.  Sintering produces free-standing nanofrits with a relatively large surface with 
no noticeable mechanical defects.  Diffusion rates of Rhodamine B isothiocyanate-labeled 
PAMAM dendrimers were studied as a function of dendrimer size, nanopore size and nanopore 





Chemicals.  Ammonium hydroxide (28-30% as NH3, EMD Chemicals, Inc.), 
tetrabutylammonium hydroxide (40% wt solution in water, Sigma-Aldrich), chloroform (ACS 
grade, VWR International), methanol (HPLC grade, Mallinckrodt), nitric acid (68-70%, ACS-
grade, EMD Chemicals, Inc.), tetraethylorthosilicate (99.999+%, Alfa Aesar), ethanol (200 proof, 
ACS-grade, Pharmaco-Aaper), PAMAM dendrimer 1,4-diaminobutane core, amidoamine 
surface, generation 1 (20% wt solution in methanol, Dendritic Nanotechnologies Inc.), PAMAM 
dendrimer 1,4-diaminobutane core, amidoamine surface, generation 2 (20% wt solution in 
methanol, Dendritic Nanotechnologies Inc.), PAMAM dendrimer 1,4-diaminobutane core, 
amidoamine surface, generation 3 (20% wt solution in methanol, Aldrich),  PAMAM dendrimer 
1,4-diaminobutane core, amidoamine surface, generation 4 (10% wt solution in methanol, 
Dendritic Nanotechnologies Inc.), PAMAM dendrimer 1,4-diaminobutane core, amidoamine 
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surface, generation 5 (10% wt solution in methanol, Aldrich), Rhodamine B isothiocyanate 
(mixed isomers, Sigma) were all used as received. Millipore water (18 MΩ•cm) used in all 
experiments was obtained from a Barnstead “E-pure” water purification system.  Acetonitrile 
(HPLC grade, VWR Scientific) was freshly distilled from calcium hydride.  TLC was performed 
using Silica gel 60 F254 on aluminium sheets (EMD Chemicals, Inc.).  Dialyses were performed 
using Slide-A-Lyzer dialysis cassettes (2,000 MWCO, Thermo Scientific). 
Instrumentation.  Scanning electron microscopy (SEM) images were obtained using 
either a Hitachi S3000-N or an FEI NanoNova instrument.  UV/Vis measurements were 
performed using an Ocean Optics USB2000 or USB4000 instrument.  A Branson 1510 sonicator 
was used for all sonications.  A Clay Adams Compact II Centrifuge (3200 rpm, Becton 
Dickinson) was used for all centrifugations.  A Fisher Scientific Isotemp Programmable Muffle 
Furnace (Model 650) was used for all sintering purposes. 
 
Methods 
Preparation of 350nm-diameter silica spheres.  All silica spheres were prepared 
according to modifications of previously reported procedures.6  All glassware was cleaned with 
Millipore water prior to use.  A batch of silica spheres was made by mixing 500.0 mL of an 
ethanolic solution containing TEOS (51.4 mL, 0.20 mol) with 500.0 mL of an ethanolic solution 
containing NH4OH (70.0 mL, 1.1 mol) and water (257 g, 14.3 mol).  These two solutions were 
poured simultaneously in a 2 L Erlenmeyer flask and vigorously stirred.  The resulting mixture 
has final concentrations of 0.2 M TEOS, 1.1 M NH3 and 17.0 M H2O.  The onset of turbidity after 
a short while indicated the start of silica sphere formation.  After 24 h, the mixture was then 
poured into 15 mL centrifuge tubes (Corning) and centrifuged for 10 min.  The supernatant was 
discarded, leaving the spheres as pellets at the bottom of the centrifuge tubes.  Purification of the 
spheres was achieved by a repetitive cycle of suspending the spheres via sonication for 10 min 
followed by centrifugation for 10 min in a gradient series of 10 mL supernatant: 100% water, 
 108
25% ethanol, 50% ethanol, 75% ethanol (twice) and finally 100% ethanol.  After the final rinsing, 
the supernatant was decanted and the silica spheres air-dried overnight.  The dried spheres were 
then preshrunk by transferring to a Petri dish (breaking any large aggregates with a spatula) and 
placing in a furnace programmed to heat the spheres for 4 h at 600 °C7  (desired temperature 
achieved at a heating rate of 20 °C/min).  SEM images were taken of the spheres and the size was 
determined from 100 individually measured spheres to be 346 ± 15 nm in diameter. 
Preparation of 230nm-diameter silica spheres.  A batch of smaller size silica spheres 
was also prepared and preshrunk as outlined above.  The final concentrations of the reagents were 
0.2 M TEOS (51.4 mL, 0.20 mol), 0.4 M NH3 (26.78 mL, 0.4 mol) and 16.0 M H2O (288 g, 16.0 
mol) in an ethanolic reaction solution of total volume of 1.0 L.  The reaction mixture was stirred 
vigorously for 24 h at room temperature.  SEM images of the spheres were taken and the 
diameters determined from 100 individually measured silica spheres in each sample to be 261 ± 
20 nm and 231 ± 20 nm before and after preshrinking, respectively. 
Preparation of 430nm-diameter silica spheres.  A batch of larger size silica spheres 
was also prepared and preshrunk using a modification of the procedure above.  The final 
concentrations of the reagents were 0.2 M TEOS (51.4 mL, 0.20 mol), 4.0 M NH3 (267.8 mL, 4.0 
mol) and 5.0 M H2O (90 g, 5.0 mol) in an ethanolic reaction solution of total volume of 1 L.  The 
reaction mixture was stirred vigorously and its temperature maintained at 10 °C for 6 h.  SEM 
images of the spheres were taken and the diameters determined from 100 individually measured 
silica spheres in each sample to be 432 ± 27 nm and 427 ± 29 nm before and after preshrinking, 
respectively. 
Preparation of as-sintered nanofrits.  The nanofrits were prepared by a vertical 
deposition onto a glass substrate of ~12 wt % colloidal solutions of preshrunk silica spheres in 
ethanol.  The resulting membranes were then gently lifted from the substrate and sintered in a 
furnace for 12 h at 1050 °C7  (desired temperature achieved at a heating rate of 20 °C/min).  The 
sintered silica colloidal membranes were noticeably more robust and durable, making handling 
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easier.  SEM images of these nanofrits were taken to give average diameters of 252 ± 10 nm, 100 
± 6 nm and 362 ± 27 nm, respectively in the order of description above, as measured from 100 
individual spheres in each colloidal membrane.  The thickness of each colloidal membrane was 
measured with a Vernier caliper at six different points throughout the piece.  To make as-sintered 
frits, the pieces were then sandwiched between two PTFE washers (5.0 mm inner diameter, 14.0 
mm outer diameter and 1.0 mm thickness, Small Parts, Inc.) with Loctite Hysol 0151 Epoxy.  
Nanofrits constructed as such were allowed to cure for at least 24 h prior to their use for diffusion 
experiments. 
Preparation of rehydroxylated nanofrits.  Rehydroxylated frits may be prepared as 
well.  Hydroxyl groups were reintroduced onto the surfaces of the colloidal membranes by 
immersing the pieces in an aqueous pH 9.5 solution of tetrabutylammonium hydroxide (in a 
polyethylene bottle) maintained at 60 °C for 24 h in an oil bath.7a  The rehydroxylated pieces 
were then washed with Millipore water, 1 M nitric acid, methanol, Millipore water and 
acetonitrile consecutively.  The air-dried pieces were then made into nanofrits in the same manner 
mentioned above. 
Modification of Dendrimers.  PAMAM dendrimers of generations 1 to 5 were used as 
received and dye-labeled with Rhodamine B isothiocyanate in a facile manner according to the 
following procedure.  The dye was initially dissolved by stirring in no more than 2.00 mL of 
absolute ethanol under an inert atmosphere (N2 gas).  An aliquot of the dendrimer solution was 
then added to the dye solution and allowed to react for 1 h at room temperature.  The dendrimers 
were found to react nearly stoichiometrically with the isothiocyanate group on the dye.  The 
resultant ratio of dye per dendrimer molecule ranged from 2 to 6, as evaluated by UV/Vis 
Absorbance measurements at 546 nm (determined λmax with measured ε = 52,829 M-1 cm-1 from 
prepared standard solutions of the dye).  The success of the reaction was confirmed by TLC 
analysis (mobile phase, CHCl3/MeOH/H2O in a 70:30:4 v/v/v ratio).8  The dye-labeled PAMAM 
had an Rf value of 0 while the excess dye was observed at Rf close to 1.  The dye-labeled 
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dendrimers were purified via dialysis.  The reaction mixture was placed in a Slide-A-Lyzer 
dialysis cassette with a 3-mL volume capacity and 2,000 MW cut-off and dialyzed overnight with 
stirring against 400 mL of deionized water.  The dialysis bath was changed three times. 
Diffusion measurements through nanofrits.  Diffusion experiments through the 
colloidal membranes were performed by placing a nanofrit between two connected 1-cm quartz 
cuvettes.  The feed cell contained 4.00 mL of an aqueous dye-labeled dendrimer solution while 
the reservoir cell contained 4.00 mL of deionized water.  The nanofrit was placed between two 
Kalrez o-rings to guard against leaking, and the whole assembly was then secured with a clamp.  
Each cell was covered with Parafilm to prevent loss of sovent due to evaporation, and the 
contents of both cells continually stirred.  The reservoir cell was placed between two fiber optic 
cables and was initially blanked.  The flux was monitored by recording the absorbance at 546 nm 
in the reservoir cell for at least 18 h.  Data points were acquired every 150 s with an initial delay 
of 150 s.  Prior to using a nanofrit for a new trial, the pieces were immersed in deionized water 
for at least two days and the water replaced occasionally to ensure removal of any previous probe 
molecule from within the colloidal films.  All measurements were repeated in triplicate. 
 
Results and Discussion 
Nanoporous silica films can be easily prepared by deposition of silica nanospheres from 
colloidal solutions.  However, the resulting films were quite fragile and needed a solid support 
such as glass to prevent disintegration (Figure 4.1).  To prepare free-standing robust membranes, 
the silica spheres needed to be sintered.  They have to be initially preshrunk at 600 °C prior to 
forming the films.  Calcinating the spheres is reported to prevent the formation of cracks within 
the membrane upon sintering at further elevated temperatures.7b  Calcination ensured the 
complete removal of solvent molecules (water and ethanol) trapped inside the silica spheres and 
produced denser spheres as evidenced by the decrease in diameter as measured by both dynamic 
light scattering (DLS) and scanning electron microscopy (SEM) (Table 4.1).  Figure 4.1 shows an 
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SEM image of a colloidal crystal sintered at 1050 °C and demonstrates the absence of major 
defects, such as cracks, over a large area.    Occasional point defects within the fcc lattice were 
present but did not seem to persist beyond one or two layers of the spheres.  The adjacent spheres 
became fused at contact points.  Sintering led to even greater decreases in the sizes of the spheres.  
It seemed that smaller spheres experienced greater reductions in size, presumably due to their 
larger surface area-to-volume ratio compared to larger spheres.  Spheres with preshrunk diameter 
of 235 nm decreased in size by 57.4 % to yield membranes comprised of 100 nm spheres; 345 nm  
 
 
nd systematic absences were consistent with the compound having crystallized in t triclini 
Table 4.1.  Summary of preparation conditions and sizes of silica spheres. 
 Measured diameter, nm 
 DLS SEM 
[TEOS] = 0.2 M, [NH3] = 1.1 M, [H2O] = 17.0 M, 25 °C for 24 h 
As made 388 ± 30  
Preshrunk 359 ± 30 345 ± 20 
Sintered  252 ± 10 
[TEOS] = 0.2 M, [NH3] = 0.4 M, [H2O] = 16.0 M, 25 °C for 24 h 
As made 260 ± 30 261 ± 20 
Preshrunk 239 ± 30 235 ± 20 
Sintered  100 ± 6 
[TEOS] = 0.2 M, [NH3] = 4.0 M, [H2O] = 5.0 M, 10 °C for 6 h 
As made 444 ± 40 432 ± 30 
Preshrunk 418 ± 30 427 ± 30 
Sintered  362 ± 30 
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(preshrunk) spheres decreased by 27.0 % to 252 nm while 427 nm (preshrunk) spheres decreased 
in size by only 15.2 % to a diameter of 362 nm.  The robust free-standing colloidal membranes 
were then prepared for diffusion experiments by sandwiching between two washers using an 
epoxy resin as an adhesive (Figure 4.2). 
The size of the 3D nanopores inside the nanofrits can be estimated from the geometry of 
an fcc system.  The distance from the center of the nanopore projection to the nearest silica sphere 
surface is ca. 15 % of the sphere radius.9  Thus, nanofrits composed of 100 and 362 nm-diameter 
spheres will have nanopores whose projection centers are 7.5 and 27.2 nm, respectively, away 
from the nearest silica sphere surface. 
To determine whether size-selective molecular transport could be achieved with the 
nanofrits and to determine the effect of the size of the nanopore size and nanopore surface charge, 
we decided to study the diffusion of dendrimers of increasing generations and increasing 
diameters (Table 4.2).  This was done by measuring the diffusion rate RD (mol⋅sec-1) through a 
nanofrit of a known thickness L and area S (cm2) as driven by a known concentration gradient 
ΔC.  RD was determined by recording the number of moles of a molecule that diffuses through the 
membrane as a function of time in an apparatus shown in Figure 4.3.  Knowing the value of RD 
allowed for the calculation of the molecular flux Jcolloid (mol⋅sec-1⋅cm-2) through the nanofrit 
(Equation 4.1).  A solution of Fick’s law for diffusion (Equation 4.2) can then be used to 
determine the effective diffusion coefficient Deff (cm2⋅sec-1) of a diffusing species in a particular 
solvent (in our case water) as it traversed through the colloidal nanofrit.10  Deff values take into 
account the effect of intrinsic opal properties such as void fraction (ε = 0.26) and tortuosity (τ ~ 
3.0) compared to the free diffusion coefficient in a given solvent Dsol (Equation 4.3). 
 






         
Figure 4.1.  (Left) A colloidal film formed by vertical deposition onto a glass slide.  (Middle) 
SEM image of a sintered membrane made from 235 nm (preshrunk diameter) silica spheres (size 
bar = 2.5 μm).  This image shows that there are no major cracks or defects within the fcc lattice of 
the sample.  (Right) High-Resolution SEM image of a sintered membrane made from 101 nm 
(DLS data, as-made) silica spheres (size bar = 500 nm).  The inset is a magnified image that 






Figure 4.2.  (A) A sintered colloidal membrane (B) embedded in epoxy and (C) sandwiched 
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 In order to monitor the diffusion of the dendrimers through the nanofrits, dye-labeled 
PAMAM dendrimers from generations 1 to 5 were prepared (Figure 4.4).  The conjugation of the 
dye to the -NH2 termini of the dendrimers occured in a facile reaction involving a nucleophilic 
attack of the thiocarbonyl C in Rhodamine B-NCS by the -NH2 endgroups of the dendrimer.11  
Removal of excess unreacted dye was achieved by dialysis against deionized water.  The extent 
of dye-labeling of each dendrimer sample was estimated from absorbance measurements of the 
dialyzed samples.  We checked for the complete removal of unreacted dye by TLC.  The extent of 
dye-labeling was purposefully kept low so as not to cause significant changes in the sizes of the 
diffusion probes (Table 4.2). 
 Figure 4.5 shows the flux of various diffusing species through a nanofrit as a function of 
time.  These flux plots are representative of the observed differences in the diffusion rates of the 
different dendrimer species employed through the numerous nanofrits constructed and 
investigated.  Tables 4.3 and 4.4 summarize the calculated Deff values for the dye-labeled 
PAMAM dendrimers used in the current work.  Comparison of the calculated Deff values for the 
same nanofrit showed that there is a general trend of decreasing rate of diffusion with increasing 
size of the diffusing species (Figure 4.6). 
 The above trend can be demonstrated quantitatively by calculating the ratio of diffusion 
coefficients for each of the higher generation dendrimers relative to G1.  We rearranged the 







Figure 4.3.  Diffusion experiment set-up. The absorbance at the reservoir cell (left) was 






Figure 4.4.  Reaction scheme for dye-labeling dendrimers. The reaction was carried out at room 












×= πη     (4.4) 
 
(where RH is the Stokes-Einstein radius, kB is the Boltzmann constant, T is temperature and η is 
the solution viscosity) to give an estimate of the relative diffusion rates, D2/D1 = RH1/RH2, 
assuming similar viscosities for the dendrimer solutions in water (the concentrations were 
sufficiently low to make this a valid assumption).  The ratios of the dendrimer radii were then 
used as correction factors to account for the fact that bulkier molecules will diffuse more slowly 
even in free solution. 
The results for nanofrits sintered from 100 nm spheres (7.5 nm ‘radius’ nanopores) 
showed an abrupt change in diffusion rates from G2 to G3.  While G2 dendrimer diffused as fast 
as G1, G3 has an apparent diffusion rate ca. 1.5 times lower, and G4 appeared to have roughly the 




Table 4.2.  Estimated diameters of the diffusing species.  The value for Rhodamine B is taken 
from literature12  while the diameters of the unmodified dendrimers are as provided by the 
manufacturer. 
Diffusing species Diameter, nm No. of  -NH2  end 
groups  per dendrimer 
molecule 
No. of dye molecules 
per dendrimer 
molecule 
Rhodamine B 1.6   
G1 1.9 8 2.9 
G2 2.6 16 2.8 
G3 3.6 32 2.7 
G4 4.4 64 1.4 
G5 5.7 128 5.7 
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Figure 4.5.  A representative flux plot for Rhodamine B (blue) and dye-labeled PAMAM G1 
(red), G4 (green) and G5 (purple).  Data shown were particularly for a rehydroxylated nanofrit 





Figure 4.6.  Comparison of the calculated Deff (× 10-6 cm2/s) with increasing size of diffusing 
species through nanopores of 7.5 nm ‘radius’ for sintered (blue) and rehydroxylated (red) 




 The diffusion coefficient for G5 was slightly higher than that for G4.  Since the 
dendrimers cannot be considered as hard spheres, we attributed this to the possibility of shape 
distortion from a sphere into an ellipsoid that helped G5 to “squeeze” through the nanopores.  
Globular dendrimers are well-known to be deformable, especially in confined spaces where 
crowding enhances interaction with one another through a relatively soft pair potential.13 
Resultant selectivities suggest an effect of tortuosity, considering there is only about 3 - 4 
nm difference in the diameters of G3 from that of G1 dendrimers.   
Nanofrits were constructed from three different sphere sizes, which allowed us to observe 
how molecular transport was affected by changing the nanopore size.  It is apparent from Tables 
4.3 and 4.4 that the calculated Deff for any given diffusing species was dependent on the nanopore 
size, with the smallest values generally corresponding to diffusion experiments through the 7.5 
nm pore ‘radius’ nanofrits.  Size selectivity is expected to improve as the nanopores became 
narrower, until a point is reached where complete blockage to diffusion occured as the nanopore 
became too small to accommodate a diffusing species.  Given the estimated diameters of the 
diffusing species (Table 4.2) and the nanopore sizes of the membranes employed in this study, it 
was not surprising that complete blockage (particularly of the smaller species G1 and G2 
dendrimers) was not observed. 
While the apparent transport rate for G4 was about twice as slow as that of G1 through 
larger nanopores of 27 nm ‘radius’ (Table 4.4), normalization revealed that the observed decrease 
in flux was due to the inherent differences in diffusion coefficients as a result of increased size for 
higher generation dendrimers.  Moreover, we observed the diffusion coefficient for G5 dendrimer 
through 27 nm nanopores that is 1.5 times higher than that of G4 dendrimer.  We attribute this 
observation to the flexibility of G5 dendrimer, as discussed above. 
Another set of nanofrits composed of 252 nm spheres (19 nm nanopore ‘radius’) was 
investigated and the results were intermediate between the two already discussed.  In the hopes of 
achieving better selectivities, attempts were made to construct nanofrits from 101 nm spheres14   
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Table 4.3.  Summary of calculated average effective diffusion coefficients and selectivities 
through as-sintered and rehydroxylated frits (100 ± 6 nm diameter silica spheres). 
PAMAM species Radius correction 
coefficient 
Deff  
(cm2/s) × 10-6 
% Deff ratio  
relative to G1 
As-sintered 
G1 1.0 2.4 ± 0.4  100 
G2 0.73 1.8 ± 0.3 104 ± 30 
G3 0.53 0.8 ± 0.2 66 ± 20 
G4 0.43 0.6 ± 0.1 55 ± 10 
G5 0.35 0.6 ± 0.2 77 ± 30 
Rehydroxylated 
G1 1.0 1.9 ± 0.4  100 
G2 0.73 1.4 ± 0.2 100 ± 30 
G3 0.53 0.9 ± 0.2 90 ± 20 
G4 0.43 0.5 ± 0.1 58 ± 20 





(as-made), which eventually shrunk to diameters of 65 nm upon sintering (Figure 4.1).  However, 
the production of membranes with sufficiently large surface area and uniform thickness proved to 
be difficult, either by vertical or sedimentation deposition methods. 
 In order to confirm that the observed selectivities were due to size discrimination and not 
electrostatic effects, the diffusion experiments were also performed using rehydroxylated 
nanofrits.  The difference between as-sintered and rehydroxylated frits was that the former have a 
greater number of terminal siloxanes Si-O-Si on the surface.15  During the rehydroxylation, the  
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Table 4.4.  Summary of calculated average effective diffusion coefficients and selectivities 
through as-sintered and rehydroxylated frits (362 ± 30 nm diameter silica spheres). 
PAMAM species Radius correction 
coefficient 
Deff  
(cm2/s) × 10-6 
% Deff ratio  
relative to G1 
As-sintered 
G1 1.0 1.7 ± 0.3  100 
G4 0.43 0.7 ± 0.1 98 ± 20 
G5 0.35 0.9 ± 0.2 158 ± 40 
Rehydroxylated 
G1 1.0 2.2 ± 0.4  100 
G4 0.43 0.9 ± 0.2 100 ± 30 





nucleophilic attack of OH- on the Si atom converted the terminal siloxanes into the surface silanol 
Si-OH groups.7a  Thus, in contact with an aqueous medium as-sintered frits should have a smaller 
negative charge on the surface compared to the rehydroxylated ones, whose surface silanols (pKa 
6 – 8)16 can dissociate to give Si-O-.  This rationalization was supported by zeta potential (ζ) 
measurements of -41.22 mV for sintered and -44.92 mV for rehydroxylated samples (compared to 
-46.88 mV for as-made silica spheres from the same batch).  If transport selectivity of the 
dendrimers through the nanofrits was due to electrostatic effects, different diffusion rates through 
the rehydroxylated frits would be expected as the process would be affected not only by 
concentration gradient but also by electrostatic interactions between the negatively charged 
nanopore surface and the cationic dye-labeled dendrimers.  Comparison of both calculated Deff 
and selectivity values showed (Tables 4.3 and 4.4) that while there was generally no apparent 
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difference between the as-sintered and the rehydroxylated nanofrits, G3 has almost the same 
diffusion coefficient as G2 for the rehydroxylated membranes with smaller pores.  The diffusion 
coefficient only decreased significantly for G4, whereas the corresponding selectivity in the as-
sintered nanofrits occurred for G3.  This demonstrated that the transport of the dendrimers was 
also affected by the interaction between the diffusing molecules and the nanopore surfaces.  
Enhanced electrostatic attractions with rehydroxylated surfaces could facilitate the transport of 
the cationic dendrimers, thus explaining the slight difference in selectivities.  Nevertheless, the 
transport properties were dominantly governed by size-selectivity. 
Finally, some comments should be made about the durability of the constructed nanofrits.  





Figure 4.7.  SEM image of a used nanofrit of 362 nm diameter spheres (size bar = 2 μm).  The 
surface was considerably less orderly than prior to its use, and the presence of point defects 
appeared to be more frequent. 
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not, it was the epoxy resin that first fell apart leading to the disintegration of the nanofrit 
assembly.  However, prolonged and repeated usage affected the performance.  Diffusion 
experiments of dye-labeled PAMAM G4 dendrimers through as-sintered frits conducted two 
months after the initial use of the nanofrits yielded calculated Deff values that were higher than the 
calculated results for G3 dendrimers.  Specifically, the results were 1.71 × 10-6, 2.75 × 10-6 and 
5.31 × 10-6 cm2/s through 0.413, 0.614 and 0.790 mm-thick nanofrits, respectively.  SEM images 
revealed that the surface of a used nanofrit was less orderly and seemed to contain more point 
defects throughout the colloidal membrane (Figure 4.7). 
 
Conclusions 
 Molecular transport of five generations of dye-labeled PAMAM dendrimers through 
robust, free-standing silica colloidal membranes (nanofrits) has been studied by recording the flux 
using UV/Vis spectroscopy.  The effective diffusion coefficients for each of the generation 
dendrimers have been calculated and the selectivities for varying size of diffusing species were 
also evaluated.  We demonstrated that molecular transport through silica colloidal crystals is size-
selective and the selectivity is enhanced by the tortuous path diffusing molecules take through the 
colloidal crystal.  Comparison of results for diffusion through as-sintered (with less negative 
surface charge) and rehydroxylated (with greater number of negative surface charges attributed to 
surface silanol dissociation in aqueous environment) nanofrits demonstrated that the observed 
selectivities were affected by electrostatic interactions between the negative silica surface and the 
cationic diffusing species but were mostly due to size discrimination.   
Our proof-of-concept experiments showed that the nanofrits have potential applications 
in size-selective separations but their efficiency has to be further optimized by controlling the 
nanopore size.  There is a need for further work in this direction, specifically the development of 
nanofrits with even smaller nanopore sizes.  Studies directed towards applying these nanofrits for 
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the separation of biomolecules will be the focus of Chapter 5, where we investigated the ability of 
our colloidal membranes to discriminate diffusing species in a mixture of several biomolecules of 
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SIZE- AND CHARGE-SELECTIVE TRANSPORT OF PROTEINS  




  There has been increasing interest in the use of nanoporous materials for separations 
involving biomolecules such as proteins and DNA.1  Protein purification is crucial not only in 
medical and pharmaceutical research but also in clinical diagnosis.2  For example, one of the 
biggest challenges that remain in proteomics is the removal of highly abundant proteins in 
biological samples as they usually complicate the detection of other proteins of interest with 
much lower abundance.3   
Electrophoretic separations, despite being widely used, have several disadvantages such 
as low reproducibility (highly dependent on sample loading and requires some experience), small 
scalability (limited to small quantities)4 and difficult accessibility for further analysis (resolved 
biomolecules remain trapped in the gel thus requiring blots, which make the process inconvenient 
and time-consuming).  Chromatographic methods provide high purification efficiencies. 
However, the effectiveness of these pressure-driven separations can suffer from pressure 
fluctuations and diffusion limitations that restrict efficiency and applicability for large-scale 
systems,5 in addition to requiring costly materials.   
Another biomacromolecule separation method that recently gained attention is the use of 
membranes.  Filtration membranes provide considerable economic, environmental and safety 
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advantages6 compared to (as an example) protocols for plasmid isolation that employ toxic 
solvents, mutagenic reagents and animal-derived enzymes.7,8  Compared to the gels used in 
electrophoresis, membranes have better physical and chemical stability, ease of handling9 and 
provide tunable pore sizes.4  For smaller-scale applications, membranes can be integrated into 
“lab-on-a-chip” systems to include a preconcentration and purification modules prior to 
detection.7,10  One of the most versatile aspects of working with membranes is the almost 
limitless choice of constituent material.  Organic ion-permeable acrylamide-based polymer and 
hydrogel membranes,10 inorganic alumina membranes6 and composite assemblies such as free-
standing thin film networks of polypyrrole-coated Cu(OH)2 nanostrands11  as well as gold-coated 
nanotubules within the pores of a polycarbonate scaffold12  have all been evaluated for proteins 
separations.  The excellent durability (even under extreme conditions) and thermal stability of 
ceramic membranes, as well as their long operation life make for attractive features.  At small 
pore sizes, however, the flux suffers as porosity decreases to less than 36 %,6 in addition to the 
effect of the presence of dead-end pores.  Hybrid organic-inorganic membranes retain the 
advantages associated with durable platforms, while surface modification of nanopores provides 
stimuli-responsive systems whose properties can be fine-tuned with careful choice of modifiers.  
Because substance transport and separation capabilities of membranes rely on pore density and 
shape (linear vs. tortuous) and surface chemistry (prevention of nonspecific interactions with 
proteins), these have to be studied and optimized.13 
We have chosen silica colloidal crystals as free-standing membranes for studying protein 
transport.  The ability to vary the pore diameter and surface chemistry of these nanopores make 
them ideal model systems for studying the rate and selectivity of permeate transport in 
membranes.  Silica is biocompatible and mechanically robust,14 and well-established silane 
chemistry can be used for the surface modification15 with amine, thiol and carboxyl groups that 
facilitate conjugation with almost any moiety ranging from small molecules to polymers and 
biomolecules (e.g. peptides and oligonucleotides).1a  Silica colloidal membranes contain pores 
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with uniform and narrow size distribution while retaining high porosity and surface area.1  Silica 
nanoparticles are well-studied in terms of their interactions with biological media.15  Due to 
silanol (Si-OH) groups, the silica surfaces possess negative charges whose magnitude depend on 
the pH of the surrounding medium.6  While this can be exploited to enhance selectivity and 
separation efficiency of charge-bearing species (like many biomolecules),16 it also renders the 
silica surfaces susceptible to nonspecific adsorption (due to electrostatics, dispersion forces and 
solvation forces) and can lead to problematic clogging of the pores.  To address this issue, Rosen 
and Gu functionalized silica nanoparticles with cysteine15 and showed increased stability with 
respect to aggregation in solutions of lysozyme and bovine serum albumin due to the low-fouling 
zwitterionic surface.  White and co-workers17  employed a monolayer of cyanosilanes to impart 
neutrality and biological inertness while allowing the aqueous medium to fully wet the nanopore.  
Elsewhere, a large number of literature18,19  reports the use of polymers to control the surface 
properties of silica.  For example, poly(ethylene glycol) (PEG) was shown to create stealth layers 
with notable resistance to opsonization15 by preventing nonspecific adsorption of 
proteins






This chapter describes the preparation and characterization of silica nanofrits whose 
surfaces have been modified with PEG chains as anti-biofouling coatings.  Using spectroscopic 




Chemicals.  Ammonium hydroxide (28-30 % as NH3, EMD Chemicals, Inc.), 
tetrabutylammonium hydroxide (40 % wt solution in water, Sigma-Aldrich), potassium phosphate 
monobasic (Sigma), potassium dibasic trihydrate (Mallinckrodt), sodium carbonate anhydrous 
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(Mallinckrodt Chemicals), tetraethylorthosilicate (99.999+ %, Alfa Aesar), 3-
aminopropyltriethoxysilane (99 %, Aldrich), poly(ethylene glycol) monomethyl ether 
mono(succinimidyl succinate) ester (Polysciences, Inc.), lysozyme (from chicken egg white, 
Sigma), albumin (from bovine serum, lyophilized powder, Sigma), hemoglobin (from bovine 
blood, lyophilized powder, Sigma), nitric acid (68-70 %, ACS-grade, EMD Chemicals, Inc.), 
xylene (ACS, Fisher Scientific), ethanol (200 proof, ACS-grade, Pharmaco-Aaper), methanol 
(ACS Reagent, Sigma-Aldrich), N,N-dimethylformamide (Mallinckrodt) and tetrahydrofuran 
(HPLC solvent, J.T. Baker) were all used as received.  Millipore water (18 MΩ•cm) used in all 
experiments was obtained from a Barnstead “E-pure” water purification system.  Acetonitrile 
(HPLC 
etric analyses 
ere performed using a TA Instruments TGA 2950 Thermogravimetric Analyzer. 
Method
calcinated at 600 °C for 4 h) spheres were taken and the sizes were determined from 100 
grade, VWR Scientific) was freshly distilled from calcium hydride. 
Instrumentation.  Scanning electron microscopy (SEM) images were obtained using 
either a Hitachi S3000-N or an FEI NanoNova instrument.  Transmission electron microscopy 
(TEM) images were obtained using an FEI Philips Tecnai T-12 instrument.  UV/Vis 
measurements were collected using an Ocean Optics USB2000 or USB4000 instrument.  A 
Branson 1510 sonicator was used for all sonications.  A Clay Adams Compact II Centrifuge 
(3200 rpm, Becton Dickinson) was used for all centrifugations.  A Fisher Scientific Isotemp 
Programmable Muffle Furnace (Model 650) was used for all sintering purposes.  All zeta-
potential measurements were carried out in water using a NICOMP 380 ZLS Zeta 




Preparation of silica spheres.  Three batches of silica spheres with varying sizes were 
prepared as previously described in earlier reports.22  SEM images of the preshrunk (i.e., 
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individually measured spheres to be 231 ± 20, 350 ± 20 and 427 ± 30 nm in diameter, 
respectively. 
Preparation of free-standing nanofrits.  The nanofrits were prepared as described in 
Chapter 4.  SEM images of these nanofrits were taken to give average diameters of 252 ± 10 nm, 
100 ± 6 nm and 362 ± 27 nm, respectively in the order of description above, as measured from 
100 individual spheres in each colloidal membrane.  The thickness of each colloidal membrane 
was measured with a Vernier caliper at six points throughout the piece.  To make as-sintered frits, 
the pieces were then sandwiched between two PTFE washers (5.0 mm inner diameter, 14.0 mm 
outer diameter and 1.0 mm thickness, Small Parts, Inc.) with Loctite Hysol 0151 Epoxy.  
Nanofrits constructed as such were allowed to cure for at least 24 h prior to use for diffusion 
experiments. 
Rehydroxylation of free-standing nanofrits.  Prior to performing surface modifications 
on the sintered colloidal membranes, hydroxyl groups were reintroduced onto the surfaces by 
immersing the pieces in an aqueous pH 9.5 solution of tetrabutylammonium hydroxide (in a 
polyethylene bottle) maintained at 60 °C for 24 h in an oil bath.22  The rehydroxylated pieces 
were then washed with Millipore water, 1 M nitric acid, methanol, Millipore water and 
acetonitrile consecutively.  The air-dried pieces were then made into nanofrits in the same manner 
mentioned above. 
Surface-modification with PEG chains.  Prior to PEGylation, the preshrunk particles 
and rehydroxylated membranes were initially aminated.  To silica substrates immersed in 40 mL 
dry acetonitrile, 0.20 mL of 3-aminopropyltiethoxysilane was added and the mixture was kept 
under N2 (g) overnight.  The modified silica spheres and membranes were rinsed with 
acetonitrile, tetrahydrofuran, xylene, twice with water and twice with acetonitrile, followed by 
air-drying. 
PEG chains were tethered onto the surfaces of aminated silica using a modification of a 
literature method.23  Briefly, 0.020 mmol of amines (aminated silica) was immersed in aqueous 
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0.05 M K2CO3 followed by the addition of 0.020 mmol poly(ethylene glycol) monomethyl ether 
mono(succinimidyl succinate) ester dissolved in minimal tetrahydrofuran.  The final pH was 
adjusted to 7.  After 1 h, the modified silica samples were collected and rinsed with N,N-
dimethylformamide, two portions of water and two portions of acetonitrile.  The air-dried pieces 
were made into nanofrits as previously described. 
Determination of extent of protein adsorption.  Preshrunk and PEGylated silica (0.035 
g each) were separately dispersed into 6.0 mL pH 6 10 mM phosphate buffer and each colloidal 
solution was then divided into three 2-mL aliquots.  Individual solutions (0.025 mM) of Lz, BSA 
and BHb were prepared using the same buffer and 2.0 mL of each protein solution were added 
separately to an aliquot of unmodified and modified silica followed by incubation for 24 h with 
gentle stirring at ambient conditions.  The mixtures were centrifuged and the UV/Vis absorbance 
was recorded for each of the supernatants.   
Diffusion measurements through nanofrits.  Diffusion experiments through the 
colloidal membranes were performed by placing a nanofrit between two connected 1-cm quartz 
cuvettes.  The feed cell contained 4.00 mL of a pH 6 phosphate-buffered aqueous protein solution 
while the reservoir cell contained 4.00 mL of the buffer solution.  The nanofrit was placed 
between two Kalrez o-rings to guard against leaking, and the whole assembly was then secured 
with a clamp.  Each cell was covered with Parafilm to prevent eventual evaporation, and the 
contents of both cells continually stirred.  The reservoir cell was placed between two fiber optic 
cables and was initially blanked.  The flux was monitored by recording the absorbance in the 
reservoir cell for at least 12 h.  In diffusion experiments with a mixture of two proteins in the feed 
cell, the absorbances at both λmax values for BSA and BHb (277 nm and 499 nm, respectively) 
were simultaneously recorded.  Data points were acquired every 150 s with an initial delay of 150 
s.  Prior to using a nanofrit for a new trial, the pieces were immersed in buffer for at least 2 days 
and the water replaced occasionally to ensure removal of any previous probe molecule from 
within the colloidal films. 
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Results and Discussion 
Diffusion through as-sintered membranes 
The size of the 3D nanopores inside the nanofrits can be estimated from the geometry 
considerations of the fcc packing system.  The distance from the center of the nanopore projection 
to the nearest silica sphere surface is ca. 15% of the sphere radius.24  Thus, nanofrits composed of 
100, 252 and 362 nm-diameter spheres (Table 5.1) have nanopores whose centers are 7.5, 19 and 




Table 5.1.  Summary of preparation conditions and sizes of silica spheres. 
 Measured diameter, nm 
 DLS SEM 
[TEOS] = 0.2 M, [NH3] = 1.1 M, [H2O] = 17.0 M, 25 °C for 24 h 
As made 388 ± 30  
Preshrunk 359 ± 30 346 ± 20 
Sintered  252 ± 10 
[TEOS] = 0.2 M, [NH3] = 0.4 M, [H2O] = 16.0 M, 25 °C for 24 h 
As made 260 ± 30 261 ± 20 
Preshrunk 239 ± 30 235 ± 20 
Sintered  100 ± 6 
[TEOS] = 0.2 M, [NH3] = 4.0 M, [H2O] = 5.0 M, 10 °C for 6 h 
As made 444 ± 40 432 ± 30 
Preshrunk 418 ± 30 427 ± 30 
Sintered  362 ± 30 
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The simplest basis for separations using nanoporous membranes is the difference in size 
of the analytes relative to the nanopore diameter.1b  To determine whether size-selective 
biomolecular transport could be achieved with the simple system of as-sintered nanofrits (i.e. 
without further change in surface chemistry), we studied the diffusion of several common 
proteins.  Lysozyme (Lz),12 bovine hemoglobin (BHb)25  and bovine serum albumin (BSA)26  
were chosen for their availability, size and shape range, and the existence of earlier reports that 
allow direct comparison with published data (Table 5.2).1,3,6,10,12,16,27- 29  Comparison of the 
diffusion rates for the first two proteins will provide information about the size selectivity, while 
comparison of the last two proteins will afford insight into the effect of the shape of the protein 
on the diffusion through the nanopores (BHb is roughly spherical whereas BSA has an ellipsoid 
shape).   
The diffusion rate RD (mol⋅sec-1) through a nanofrit of a known thickness L and area S 
(cm2) was determined by recording the number of moles of a protein that diffused through the 
membrane as a function of time.  Knowing the value of RD allowed for the calculation of the 
molecular flux Jcolloid (mol⋅sec-1⋅cm-2) through the nanofrit (Equation 5.1): 
 
S   colloidD ×= JR                (5.1) 
 




     (5.2) 
 
A solution of Fick’s law for diffusion (Equation 5.2) was then used to determine the 
effective diffusion coefficient Deff (cm2⋅sec-1) of a diffusing species in the buffer solution as it 
traversed through the colloidal nanofrit.30  Deff values take into account the effect of intrinsic  
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Table 5.2.  Characteristics of the proteins studied.  Spectroscopic data were experimentally 
determined from prepared sets for calibration curves in pH 6 phosphate buffer. 
 Lysozyme Bovine Hemoglobin Bovine Serum Albumin 
Mass (kDa) 14 65 67 
Dimensions (nm) 3.2 (spherical) 6.4 × 5.5 × 5 4 × 4 × 14 
Stokes radius (nm) 212 3.231 3.612 
pI 11.4 7.1 4.8 
 λmax Abs (nm) 280 499 277 





colloidal crystal properties such as void fraction (ε = 0.26) and tortuosity (τ ~ 3.0) compared to 
the free diffusion coefficient in a given solvent Dsol (Equation 5.3): 
 
soleff     DD ×= τ
ε
      (5.3) 
 
Figure 5.1 shows the flux of the three proteins studied through as-sintered frits of 19 nm 
pore ‘radius’.  Table 5.3 summarizes the calculated Deff values.  We found a general trend of 
decreasing rate of transport with increasing size of the diffusing species.  Lz diffused 3.75 and 2.1 
times faster than BHb and BSA, respectively, due to its smaller size (Table 5.2).  We needed to 
assess if the nanopores were providing the size selectivity since we used large proteins of 







Figure 5.1.  Comparison of the flux of Lz (blue), BHb (red) and BSA (green) through as-sintered 





Table 5.3.  Summary of protein average Deff (cm2/sec) as measured through as-sintered nanofrits. 
Nanopore radius (nm) 19 7.5 
Lysozyme (3 ± 2) × 10-6 (8 ± 2) × 10-7 
Bovine Hemoglobin (8 ± 2) × 10-7 No diffusion observed 












×= πη      (5.4) 
 
(where RH is the Stokes-Einstein radius, kB is the Boltzmann constant, T is temperature and η is 
the solution viscosity) to give an estimate of the relative diffusion rates of the proteins, D1/D2 = 
RH2/RH1, assuming similar viscosities for the 0.25 mM protein solutions in the buffer used.12  
Hence, the Stokes-Einstein equation predicted that in free solution the diffusion coefficient of Lz 
would be 1.6 and 1.8 higher than those of BHb and BSA, respectively.  That the ratios of fluxes 
for the nanofrits were higher indicates hindered transport of the proteins through the nanopores.  
It is furthermore important to note that while BHb and BSA were expected to diffuse at almost 
equal rates, BSA diffused 1.8 times faster than BHb.  It is possible that the prolate ellipsoid shape 
of BSA may allow it to traverse more readily through the nanopores compared to the more 
spherical BHb despite their similar molecular weights (Table 5.2).  This illustrated that the 
nanofrits were capable of both size-selective transport as well as shape-selectivity. 
Another set of nanofrits were constructed from smaller sphere size (leading to nanopore 
‘radius’ of 7.5 nm), which allowed the investigation of how biomolecule transport was affected 
by the pore size.  It is apparent from Table 5.3 that Deff for all diffusing species depends on the 
nanopore size.  There is a trade-off between selectivity and throughput (or permeability) that is 
typically observed for membrane-based separations.12  Size selectivity was expected to improve 
as the nanopores became narrower until a point where complete blockage occurred as the 
nanopore became too small to accommodate a diffusing species.  Given the estimated diameters 
of Lz and BSA (Table 5.2) compared to the nanopore ‘radii’ employed in this study, it was not 
surprising that complete blockage for these proteins was not observed.  However, the diffusion 
rates for Lz and BSA were reduced 3.7- and 18-fold, respectively, whereas a cut-off was observed 
for bulkier BHb.  The use of smaller nanopores led to improved selectivity of 10.2 for Lz over 
BSA and also suggested that a clean separation of a mixture of BHb and BSA could be achieved.  
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The decreased diffusion is the result of using nanopores with smaller volumes.  However, given 
the similar sizes of BSA and BHb, the dramatic difference reveals that we have to consider the 
proteins’ interaction with the nanopore.     
 
Protein-nanopore surface interactions 
Molecular transport in small pores and confined spaces is strongly affected by the solute-
wall interactions, resulting in significant reductions in diffusion coefficients.32  Protein 
interactions with silica surfaces have been widely studied1,14,33 and it is well-known that at 
physiological pH, silica surfaces bear a negative charge that facilitates rapid nonspecific binding 
of proteins15 via van der Waals and electrical double layer forces.16  At pH 6, Lz and BHb are 
both cationic according to their pI values (Table 5.2) with Lz bearing at least +8 charge16 
attributed to lysine residues (three of which are located in the helix-loop-helix domain of the 
protein which is thought to be responsible for protein-membrane binding).34  On the other hand, 
BSA is anionic at pH values above its pKa of 4.7.2  We believe the BHb cut-off to be a 
consequence of electrostatic attractions between the cationic proteins and the negatively charged 
nanopore walls, which may promote adsorption of a layer of the BHb effectively leading to 
reduced nanopore volumes.  This was supported by zeta potential measurements (ζ) of -46.45 mV 
for unmodified membranes.  If so, it was reasonable that the transport rate of BHb was the most 
affected since its large size translated to complete nanopore blockage upon protein adsorption.  In 
contrast, electrostatic repulsion between the anionic BSA and like-charged nanopores minimized 
nanopore clogging due to adsorption. 
Sang and co-workers1  reported that higher amounts of proteins are adsorbed at pH values 
close to the pI.  The decreased strength of repulsive protein-protein electrostatic interactions as 
the net charge approached zero16 allowed protein molecules to pack more closely and thus, more 
proteins can be adsorbed for a given silica unit surface.  Holt and Bowcott concluded from 
adsorption isotherms that BSA has maximum adsorption onto silica at pH 5.33  Thus, we decided 
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to use pH 6 in order to avoid working at the pI of any of these three proteins.  To address the 
possibility of protein nonspecific adsorption onto silica and to further suppress the potential 
nanopore clogging, we chose to use short PEG chains as anti-fouling surface modifiers, which are 
widely used for this purpose.35 
 
Preparation and characterization of PEGylated membranes 
To prepare PEGylated nanofrits, hydroxyl groups were reintroduced first (Figure 5.2).  
Amine groups were then introduced onto the rehydroxylated surfaces, resulting in thin polymeric 
layers of silamines.  PEG with MW 1,900 (n  ∼ 30) was chosen as an anti-fouling surface 









conjugation of activated PEG chains to the primary amine groups occurred in a facile reaction 
involving a nucleophilic attack of the –NH2 on the carbonyl C of the succinimidyl succinate ester 
(Figure 5.2) to form an amide linkage.  This process was also carried out in colloidal solution to 
afford TEM images (Figure 5.3) that clearly showed the success of the PEGylation via the 
appearance of a uniform organic coating enveloping each individual nanoparticle.  These 
modifications were also monitored via ζ-potential measurements.  The installment of the 
silamines was verified by the change from ζ -46.45 to +38.13 mV as a result of the presence of 
protonated amine groups in water.  Upon PEGylation, the ζ decreased to -3.99 mV due to the 
conversion of amines to amide groups.   
TGA was employed for loose silica spheres of varying diameters to quantify the surface 
coverage with PEG chains.  Its results are summarized in Table 5.4.  All samples remained white 
in color after heat treatment up to 800 °C, which assured the complete combustion of all organic 
matter that were removed as volatile components (as opposed to forming a black soot as typical 
of incomplete combustion).  Comparison of derivative TGA curves (Figure 5.4) for aminated and 





Figure 5.3.  TEM images of (Left) bare (scale bar = 20 nm), (Middle) aminated (scale bar = 50 
















Table 5.4.  Summary of calculated results from TGA data. 
Nanoparticle diameter (nm)a % Weight loss Surface density 
84 ± 6 0.614% to 210 °C  
0.495% to 500 °C 0.029 PEG chain/nm2 
0.215% to 628 °C 4.88 –NH2/nm2 (monolayer) 
346 ± 20 0.387% to 203 °C  
0.551% to 496 °C 0.313 PEG chain/nm2 
0.487% to 795 °C 27.6 –NH2/nm2 (∼7 layers) 
427 ± 30 1.864% to 203 °C  
1.431% to 800 °C 0.324 PEG chain/nm2 
0.805% to 800 °Cb 14.2 –NH2/nm2 (∼3 layers) 
a  From SEM measurements 





degradation of silamines, while PEG was lost from 227 to 500 °C.  These results are in agreement 
with an extensive study by Madathringal and Wunder36  where neat PEG was observed to 
degrade at 350 – 440 °C whereas physisorbed PEG were removed at 180 – 300 °C depending on 
H-bond formation between PEG carbonyl O and silanol H atoms.  That we observed PEG loss up 
to >400 °C was indicative of covalent tethering of the PEG chains onto our silica surfaces rather 
than mere physisorption.  Table 5.4 shows TGA data suggesting that (at our current best 
optimization of reaction conditions) silica spheres of diameter 346 ± 20 and 427 ± 30 nm have 
similar PEG coverage.  A 10-fold smaller surface density was calculated for silica nanoparticles 
of smaller size.  This correlated well with the concept of increased number of contacts points 
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between PEG and silica with increasing ratio of particle to PEG size.36  As the size of PEG 
approached that of the silica sphere, fewer contact points were possible since the polymer chains 
would need to adopt energetically unfavorable conformations in order to form amide linkages 
with amines on the surface.  For the free-standing membranes, it is most likely the PEG chains 
remained close to the silica surface rather than freely extending to the center of the nanopore due 
to the modest surface density. 
We then sought to evaluate the effectiveness of PEG chains in suppressing protein 
adsorption onto silica surfaces.  From the UV-Vis absorbance measurements of remaining 
dissolved proteins in supernatant aliquots prior to and after incubation of unmodified and 
PEGylated loose silica spheres (under buffer conditions matching those of the diffusion 
experiments), we verified the usefulness of PEG layers in minimizing nonspecific protein 
binding.  We preferred a spectroscopic method over a gravimetric determination because the free 
proteins in the supernatant cannot be completely removed by repetitive rinsing without 
introducing inaccuracies since the adsorption may be reversible.33  On the other hand, if the 
particles were not washed, dissolved protein in residual supernatant would have given 
erroneously higher mass losses in TGA.  The silica nanoparticles were isolated from the 
supernatant by centrifugation at speeds that were suitably low so as not to cause sedimentation of 
the dissolved proteins from solution (which would have also resulted in a positive bias for amount 
of adsorbed protein).  Lz adsorption was decreased in half while BHb fouling was reduced by a 
factor of 1.6 (Table 5.5).  A slight improvement in extent of BSA binding was also observed 
despite the fact that the fouling was already low even for unmodified particles due to electrostatic 
repulsion of the anionic protein from the like-charged silica surfaces.  Particularly for the cationic 





Table 5.5.  Summary of amount of adsorbed protein onto silica surfaces. 
 Lysozyme Bovine Hemoglobin Bovine Serum Albumin 
 Unmodified  
mmol protein/g silica 1.29 × 10-3 1.63 × 10-3 2.88 × 10-4 
protein/nm2 0.223 0.284 0.050 
% adsorbed protein 23.3 38.6 6.9 
 PEGylated  
mmol protein/g silica 6.26 × 10-4 1.24 × 10-3 2.25 × 10-4 
protein/nm2 0.109 0.217 0.039 





Diffusion through PEGylated membranes 
Figure 5.5 shows surprising trends in the protein diffusion through PEGylated nanopores 
(19 nm ‘radius’) with diffusion rates increasing in the order BSA > Lz > BHb.  Lz still diffused 
1.8 times faster than BHb and good selectivity for BSA over BHb (ca. 6) was once again evident.  
That BSA was transported at higher rates than the smaller protein Lz through PEGylated 
membranes revealed that while cationic protein flux was hindered due to adsorption (and possibly 
pore blockage), anionic proteins also experienced hindered transport through as-sintered nanofrits 
due to protein-nanopore wall charge repulsion.  The presence of PEG on the silica surface 
effectively screened the BSA from the negative silica charges and contributed to almost doubled 
transport rates through PEG-modified pores compared to as-sintered membranes (Figure 5.6).  






Figure 5.5.  Comparison of the flux of Lz (blue), BHb (red) and BSA (green) through PEGylated 





Table 5.6.  Summary of protein average Deff (cm2/sec) as measured through PEGylated nanofrits. 
Nanopore radius (nm) 18.9 27.2 
Lysozyme (9 ± 2) × 10-7 (2.0 ± 0.6) × 10-6 
Bovine Hemoglobin (5 ± 1) × 10-7 (6.1 ± 0.2) × 10-7 








Figure 5.6.  Comparison of the flux of BSA through as-sintered (blue) and PEGylated (green) 





Even though it appeared that PEGylation improved the transport rates of BSA and BHb, it was 
unclear why Lz diffusion was hindered through these nanopores (Figure 5.8).  To explain the 
effect of surface PEGylation on Lz transport, more studies are necessary to fully understand the 
interactions between the protein and PEG chains.  A mapping of surface potentials as well as 
simulations of interaction strengths as a function of relative orientation will be needed for this 
investigation. 
PEGylated membranes of larger nanopore ‘radius’ (27 nm) were also constructed and 
studied.  The Deff values are summarized in Table 5.6.  Generally, transport rates were higher 
through these pores of increased diameter.  In addition, the pores were sufficiently wide that any 
possible steric hindrance to flux (due to PEG chains) was not evident such that rates of transport 
were in the typical order of Lz > BSA > BHb.  A BSA/BHb selectivity of 2.2 persisted even with 





Figure 5.7.  Comparison of the flux of BHb through as-sintered (blue) and PEGylated (green) 







Figure 5.8.  Comparison of the flux of Lz through as-sintered (blue) and PEGylated (green) 
membranes (of comparable 19 nm pore ‘radii’). 
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Finally, in an effort to evaluate the separations capabilities of our PEGylated free-
standing membranes (nanopore ‘radius’ 19 nm) for real-life applications, two-species diffusion 
experiments were performed.  To account for absorbance of BHb in the UV region, its 
concentration was first determined from the Vis absorbance and subtracted from the total 
absorbing species at the λmax for BSA.  The selectivity for BSA in a mixture with BHb was 
significantly lower than the selectivity (1.5 < 6) calculated from single-species diffusion 
experiments.  More work will be needed to understand why the selectivity is lower.  We speculate 
that this might be due to protein-protein electrostatic attractions between cationic BHb and 
anionic BSA that could deter the flux of the latter.  This rationalization was consistent with 




 We showed that the transport of proteins across silica colloidal membranes depends 
strongly on nanopore size and surface functionality.  Overall, the membranes studied in this work 
exhibited size-selective transport where smaller proteins generally diffused faster.  Larger pores 
led to higher throughput but at the cost of selectivity.  In addition to size-selectivity, we also 
demonstrated that these membranes have promising ability of discriminating according to shape 
between biomolecules of comparable molecular weight, unlike conventional dialysis membranes 
that would have failed since they operate on the basis of a molecular weight cut-off. 
These results are more complicated than we can explain with the current preliminary 
data.  Presently, we propose that protein-nanopore interactions determine the rate at which 
proteins are transported, wherein both cationic and anionic species can experience hindered flux 
due to different mechanisms.  As a result of electrostatic attraction, cationic proteins adsorb 
significantly on the surfaces, producing a layer that effectively reduces pore volume due to partial 
blockage.  As a result of electrostatic repulsion between similarly-charged anionic proteins and 
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nanopore wall, there may be a low extent of nonspecific protein binding but the flux was 
nevertheless decreased.  We propose that separation efficiencies could be improved by 
incorporating charge selectivity along with size exclusion in the nanopores.  This can be achieved 
by controlling the pH (depending on the pI of the proteins of interest) and modifying the 
nanopore surface to bear excess positive or negative charges.  Transport selectivity based on 
affinity could also be achieved using this colloidal crystal platform via conjugation of specific 
and selective receptor moieties such as antibodies to capture one component from a mixture.  
Overall, extensive work is needed to transition from the promising preliminary results described 
in this chapter to a functional protein separation system based on colloidal nanofrits. 
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SUMMARY AND OUTLOOK 
 
Summary 
  In this thesis, we focused on the preparation and investigation of free-standing silica 
colloidal membrane materials for applications in separations. 
 First, we prepared Au-coated silica colloidal membranes and modified their surface with 
poly(methacrylic acid), with the goal of creating a pH- and ion-responsive membrane.  The use of 
a gold surface increased the surface density of organic modifiers compared to a silica surface, 
provided a method for nanopore size manipulation and allowed us to explore new types of 
nanopore surface modification.  We found that the diffusion through polymer-modified 
membranes increased when the polymer conformation changed from extended to collapsed at low 
pH and in the presence of ions that interact with the polycarboxylate. 
 Next, we prepared silica colloidal membranes which are modified with chiral selectors 
such as small molecules or polymers of amino acid derivatives.  The diffusion studies of 
enantiomers of a chiral probe molecule through these membranes showed the potential of the 
membranes for chiral recognition and enantiopermselectivity, most likely due to differences in 
the strength of noncovalent interactions between the surface selector and the chiral probe. 
 We next explored the size-selectivity of silica colloidal membranes by studying the 
diffusion of various generations of poly(amidoamine) dendrimers.  We found that the selectivity 
is enhanced by the tortuous path diffusing molecules take through the membrane. 
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 This was followed by the preparation of silica colloidal membranes modified with 
poly(ethylene glycol) as an anti-fouling layer inside the nanopores.  The diffusion rates of 
proteins were dependent on the protein size, nanopore size and nanopore surface functionality.  
With the use of a 7.5 nm pore ‘radius’, we observed a cut-off for bovine hemoglobin whereas 
lysozyme and bovine serum albumin diffused through the membrane. 
 Overall, this work demonstrates that we are able to control the molecular transport at the 
nanoscale via the modification of nanopore size and surface functionality.  This thesis has 
illustrated that silica colloidal membranes can be prepared with transport selectivity based on 
size, charge and molecular recognition. 
 
Future Directions 
The results in Chapters 3 and 4 have shown the trade-off between throughput and 
selectivity with the use of smaller nanopores.  This highlighted the need to minimize non-
selective diffusion, which can be achieved by reducing the pore size or by filling the pore volume 
with polymers bearing functional groups for maximized interactions with a diffusing species of 
interest.  To obtain smaller nanopores (< 5 nm), silica colloidal membranes can be prepared from 
sub-100 nm silica nanospheres.  However, the production of membranes with large dimensions 
(at least 1 cm2 and 0.2 cm thickness) remains a challenge.  Thus, there is a need to optimize the 
conditions for the preparation of good quality colloidal membranes (i.e. of uniform thickness, free 
of major defects such as cracks) from sub-100 nm spheres.  The quality of the colloidal crystals is 
dependent on the colloidal solution concentration, solvent, temperature and the rates of deposition 
and solvent evaporation.  The effect of these variables on the thickness of the resulting colloidal 
membranes must be systematically studied.    
Chiral selectivity can also be improved with increased surface density of selector 
moieties.  To this end, it might be beneficial to employ Au-coated membranes whose surfaces can 
be modified with SAMs of up to 10 thiols/nm2.  Synthetic organic and polymer chemistry can be 
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used to incorporate surface-bound moieties that can control the size and chemical function of the 
nanopore by: (1) acquiring charges via protonation/deprotonation,1,2 binding of ions, and 
oxidation; (2) changing conformation in response to external stimuli such as temperature, pH, 
light and binding of ions and/or molecules.  For example, modification with ionizable 
polypeptides that can undergo helix/coil transitions (e.g., poly(L-glutamic acid)) 3- 5 can be used 
to control the sterics inside the nanopore. 
The work outlined in Chapter 5 represents a preliminary study of the application of silica 
colloidal membranes for biomolecule separations.  Future work on this project should involve 
studying the diffusion of proteins as a function of pH.  Variation of pH to match the pI of a 
particular protein such that other proteins in the solution will be positively and/or negatively 
charged can be exploited to impart charge-selectivity in addition to size exclusion.  Surface 
modification with PEG was shown to be effective in reducing the extent of nonspecific protein 
adsorption, but the exact mechanism for this nonfouling property remains to be fully understood.6  
To optimize the selectivity in nanopores modified with PEG, its interactions with proteins must 
be elucidated. One way to do this is to simulate the strength of protein-PEG interactions as a 
function of protein orientation, PEG conformation and solution pH by mapping the surface 
potential of both protein and nanopore using computational methods.  Other studies that can be 
conducted include the diffusion of linear biopolymers through the colloidal membranes.  The 
diffusion rates for 3 kb and 10 kb double-stranded DNA (dsDNA)7 can be monitored via 
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